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ABSTRACT 
 
Sexually reproducing organisms must ensure correct specification and maintenance of 
germ cells for species survival. Germ cells must be carefully protected from inappropriate 
differentiation while simultaneously maintaining their identity as highly specialized 
totipotent cells. Several germ cell-intrinsic mechanisms, including transcriptional and 
post-transcriptional regulation, are key to executing germ cell-specific processes. Study 
of molecules necessary for the proper specification, maintenance, and differentiation of 
germ cells can lead to a deeper understanding of mechanisms underlying totipotency, 
infertility, tumorigenesis, evolutionary development, and even pathogenesis. Here we 
study germ cells in the context of both free-living and parasitic flatworms. We use the 
freshwater planarian Schmidtea mediterranea to understand the functions of germ cell-
specific genes crucial for the development and proliferation of early male germ cells. 
Additionally, we characterize genes essential for the tremendous reproductive output of 
the parasite Schisosoma mansoni, a causative agent of a major neglected tropical disease, 
schistosomiasis.  
 
It was recently shown that in S. mediterranea, a male germ cell-specific component of the 
ubiquitous Nuclear Factor-Y family of transcription factors, NF-YB, is necessary for 
testis maintenance. In Chapter 2, we characterize the cellular mechanism behind NF-YB-
mediated maintenance of the male germline stem cells, known as spermatogonial stem 
cells, or SSCs. We demonstrate that NF-YB is not necessary for the specification of germ 
cells, but plays a role in the self-renewal and proliferation of SSCs. Furthermore, we 
show that other components of the NF-Y complex in S. mansoni are similarly necessary 
for the proliferation of male germ cells, indicating molecular and functional conservation 
of this family of transcription factors. 
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Next, we characterize the planarian homologs of boule, which belongs to a family of 
RNA-binding proteins known to play important roles in human infertility. In Chapter 3, 
we adopt an evolutionary-developmental approach and show that unlike other 
invertebrate boule genes, one of the planarian boule paralogs is required for SSC 
maintenance. Intriguingly, this early germ cell function, thought to be specific to 
vertebrate representatives of this gene family, appears to have evolved independently and 
earlier than previously thought. Our results demonstrate that the planarian can be a 
tractable invertebrate model system for understanding the germ cell functions of genes 
that are conserved between planarians and vertebrates. 
 
Finally, in Chapter 4, we perform an unbiased transcriptomic screen to identify genes 
necessary for germ cell development in the parasite S. mansoni. The prodigious egg 
laying capacity of these underlies the morbidity of the disease schistosomiasis. Using a 
large-scale RNA interference-based functional approach, we identify genes functioning in 
different stages of schistosome male gametogenesis, as well as genes necessary for egg 
production in the mammalian host. 
 
Together, our studies uncover novel roles for numerous genes critical for germ cell 
development in free-living and parasitic flatworms. 
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CHAPTER 1: GENERAL INTRODUCTION 
	
 
1.1. Introduction to germ cells 
 
1.1.1. Germ cells and their significance 
 
Specification and maintenance of germ cells are critical for the survival of sexually 
reproducing organisms. These highly specialized, totipotent cells perform the task of 
faithfully transmitting genetic information and variability across generations (1). During 
the course of development, germ cells have to maintain a tight control over their 
totipotency and their full potential is not released until fertilization (2). Mechanisms that 
activate or suppress this toptipotency– including transcriptional and post-transcriptional 
regulation of gene expression – are crucial for understanding germ and stem cell biology 
(1,3).  
 
A better understanding of germ cell processes can help address many questions of 
biological and evolutionary importance. In particular, germline stem cells (GSC) can be 
useful for understanding adult stem cell processes such as self-renewal, proliferation, 
differentiation, and aging. Excessive self-renewal and proliferation of GSCs results in 
germ cell tumors, and identification of molecules which regulate the switch between 
proliferation and differentiation can aid in understanding the etiology of tumorigenesis 
(4). From another perspective, study of premature or aberrant differentiation of germ 
cells, and understanding the molecular basis for infertility, can have important 
implications for assisted reproductive technology (5). Germ cells can also provide 
important insights into pluripotency of stem cells, and the process of gametogenesis can 
help elucidate the mechanisms of stem cell differentiation (2). Male GSCs show germline 
transmission when injected into blastocysts and can give rise to embryonic stem-like cells 
when cultured in vitro (6-8). This remarkable plasticity and ability to revert or regain a 
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pluripotent ground state can have immense potential in regenerative medicine as an 
alternative to embryonic stem cells (ESCs) (2).  
 
1.1.2. Introduction to spermatogenesis 
 
Spermatogenesis is a classic adult stem cell system relying on the activity of male GSCs, 
also known as spermatogonial stem cells (SSCs), for its maintenance. Spermatogenesis in 
most systems can be divided into three phases. In the proliferative phase, SSCs or 
spermatogonia undergo mitotic amplifying divisions to produce greater cell numbers (9). 
Primary spermatocytes that arise from these proliferating divisions then enter meiosis, 
during which genetic recombination occurs, and following meiosis II, the resulting cells 
are haploid spermatids (10). The final phase, referred to as spermiogenesis, is the 
maturation phase, in which rearrangement of the cytoskeleton and condensation of DNA 
takes place to produce elongated spermatozoa, and there is no additional cell division 
(11). 
 
Adult male humans can generate as many as 100 million spermatozoa a day and 
approximately 1000 spermatozoa in every heartbeat (4). Biological functions of SSCs – 
particularly the fine balance between self-renewal, proliferation, and differentiation – 
form the basis for this astonishing output. SSCs are the only testicular cells that can 
initiate spermatogenesis in vivo during development or following transplantation into a 
male host in which the endogenous germ cells have been depleted (12). They are also the 
only cells that can restore functional spermatogenesis in vivo following injury or terminal 
differentiation. Only 1 in about 3000 (0.01-0.03%) cells in the adult mouse testis is an 
SSC, making it difficult to isolate this population for detailed characterization (4,12). Not 
surprisingly therefore, much of the understanding of SSCs comes from studies performed 
in in vivo model systems. 
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1.1.3. Mechanisms of germ cell specification  
 
The embryonic origins of germ cells have fascinated biologists for centuries (13,14). Two 
modes of germ cell specification in the animal kingdom have been identified: determinate 
and inductive (15). In the determinate mode of specification, a special maternal germ 
plasm is deposited into the egg during oogenesis. Cells receiving the germ plasm go on to 
become primordial germ cells (PGCs). The determinate mode of PGC specification is 
observed and has been widely studied in the well-established model organisms: 
Drosophila melanogaster; Caenorhabditis elegans; Xenopus laevis; and Danio rerio 
(reviewed in 16-19).  
 
By contrast, mammals specify their PGCs through the inductive mode of germ cell 
specification, wherein a pluripotent stem cell population receives signals from 
surrounding tissue to acquire a germ cell fate. In mice, Bone Morphogenetic Protein 
(BMP) and Wnt signals from the extra-embryonic ectoderm induce the expression of 
Blimp1 (also known as Prdm1) (20-22), followed by Prdm14 and AP2g (23,24), in the 
posterior epiblast at E6.25. Blimp1, Prdm14, and AP2g together initiate the germ cell 
regulatory network in mice (25). Even though the inductive mode of germ cell 
specification is the more basal and widespread method of specification in metazoans (15), 
it has only been examined in detail in the mouse, but is fairly understudied in other 
systems.  
 
1.1.4. Outstanding questions in the field of germ cell biology 
 
Although germ cells have been studied extensively in multiple developmental model 
systems, and numerous molecular players functioning in distinct stages of germ cell 
development have been identified, several outstanding questions remain with regard to 
germ cell biology.  
 
Are the genes known to function in inductive specification of germ cells in mouse 
conserved across metazoans? Can the study of inductive specification in systems other 
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than the mouse lead to the identification of novel genes that function in this mode of 
specification? Once specified, how do germ cells implement germ cell-specific programs 
and functions while simultaneously repressing somatic identity? Several germ cell-
specific transcription factors have been identified. What is the role of these tissue-specific 
isoforms in germ cells and how do they define the gene-regulatory network specific to 
these cells? The role of RNA-binding proteins and post-transcriptional regulation in germ 
cells has also been extensively studied. How do RNA-binding proteins function in germ 
cell maintenance and differentiation? How evolutionarily conserved or distinct are these 
transcriptional and post-transcriptional processes? 
 
Here I attempt to address some of these questions using the free-living freshwater 
planarian flatworm Schmidtea mediterranea. In the first part of this thesis I explore the 
function of a planarian male germ cell-specific transcription factor previously identified 
by our group, Nuclear Factor-YB (NF-YB). I determine the function of NF-YB in the 
earliest stages of germ cell development: GSC specification, self-renewal, and 
proliferation. Next, I identify a novel function for a conserved RNA-binding protein, 
Boule, in the planarian early male germ cells. I characterize the function of boule 
homologs in S. mediterranea, identify putative binding partners and mRNA targets of this 
protein, and also adopt a phylogenetic approach towards understanding the function of 
this gene. In the final part of this thesis I use a transcriptomic approach to understand 
germ cells and reproduction of the parasitic flatworm Schistosoma mansoni, an 
evolutionary relative of the planarian. I identify genes which function in different stages 
of spermatogenesis in S. mansoni, as well as genes that are critical for the reproductive 
output of the parasite. Together, I take a comparative approach towards understanding the 
genes necessary for germ cell development in free-living and parasitic flatworms. 
 
 
1.2. The planarian as a model system to study germ cells and their 
specification 
 
The extraordinary regenerative potential and plasticity of planarians have fascinated 
biologists for centuries (26). Studies done by Randolph (27) and Morgan (28) in the late 
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19th century showed that even a small planarian fragment can regenerate an entire animal. 
In addition to being a useful model system for addressing questions regarding stem cells 
and regeneration, the planarian S. mediterranea is also especially suited for studying 
multiple aspects of germ cell biology including specification, maintenance, and 
differentiation (29).  
 
The sexual strain of S. mediterranea is a cross-fertilizing hermaphrodite, with a pair of 
ovaries situated anteroventrally, and several testis lobes distributed dorsolaterally across 
the length of the animal (29). Individual testis lobes of S. mediterranea show a clear 
organization, with the least differentiated cells situated at the periphery of the testis lobe, 
differentiating cells located in inner layers, and mature spermatozoa deposited in the 
lumen of the testes, bearing a remarkable resemblance to the mammalian testis structure 
(30).  
 
Functional genomic and other molecular tools developed in the past decade have 
rendered the planarian male reproductive system particularly tractable for experimental 
analyses. Using a combination of the positional organization of germ cells within the 
testis lobe (mentioned above), and extensive in situ hybridization (ISH) experiments, 
transcripts that label discrete stages of male gametogenesis have been identified (30-32). 
Gene knockdown experiments using RNA interference (RNAi) have revealed a number 
of genes functioning in individual stages of male germ cell development. For example, in 
the planarian male germline, the homolog of nanos, a gene with conserved germ cell 
functions across metazoans, is expressed in the SSCs and is necessary for testis 
maintenance (31). Evidence for somatic regulation of planarian germ cell development 
has also emerged (33,34). 
 
Furthermore, the extraordinary regenerative capacity of planarians is not restricted to 
somatic tissues and organs; planarians can also regenerate their germline de novo. S. 
mediterranea can specify germ cells post-embryonically, via inductive mechanisms, from 
amputated head fragments devoid of reproductive structures (35). Molecules and 
processes functioning in the inductive mode of germ cell specification have not been 
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extensively studied in organisms other than mice. Additionally, from a phylogenetic 
perspective, studies of germ cell development, especially mechanisms of germ cell 
specification, have focused primarily on three metazoan phyla, Arthropoda, Nematoda 
(both of which belong to the superphylum Ecdysozoa), and Chordata. As a member of the 
phylum Platyhelminthes, and as a tractable invertebrate laboratory organism that can 
specify its germline via inductive signals, S. mediterranea can lead to a broader 
understanding of the diversity of germ cell processes, including but not limited to germ 
cell specification, across metazoans.  
 
 
1.3. Transcriptional regulation in germ cells 
 
An outstanding question in the field of germ cell biology is whether germ cell identity is 
largely dictated by repression of somatic cell identity or whether activators of 
transcription are present as well (2). In many developmental systems studied so far, 
transcriptional regulation of the early germ cells appears to be predominantly through 
programs of somatic repression. Mechanisms of transcriptional silencing of somatic fate 
have been studied in both determinate and inductive modes of germ cell specification 
(36).  
 
1.3.1 Mechanisms of transcriptional repression in model systems 
 
In D. melanogaster and C. elegans, germ plasm, rich in maternal RNAs and RNA-
binding proteins, is deposited in the developing embryo. Zygotic transcription is therefore 
not necessary and is inhibited through slightly different mechanisms. In D. melanogaster, 
the peptide encoded by polar granule component (pgc) inhibits the recruitment of 
positive transcription elongation factor-b (P-TEFb) to RNA polymerase II. P-TEFb is 
responsible for phosphorylation of the serine-2 residue on RNA pol II, which is necessary 
for transcriptional elongation of mRNA (37-40). In C. elegans, zinc finger proteins Oma1 
and Oma2 sequester TAF-4, a subunit necessary for the assembly of the core 
transcription initiation complex (41). Subsequently, another zinc finger protein,  
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Pie-1 is translated in germ cell precursors and inhibits both initiation and elongation steps 
of RNA pol II by inhibiting phosphorylation of both serine 5 and serine 2 residues (42).  
 
In mouse, Blimp1, a transcriptional repressor, marks the onset of the germ cell program. 
Blimp1 separates germ cells from the surrounding tissue through repression of the 
mesodermal program (21,24,43). Prdm14, which is expressed shortly after, is crucial for 
repressing DNA methylation machinery and fibroblast growth factor signaling (23,44-
46). Finally, AP2γ, encoded by Tcfap2c, appears to repress other somatic genes including 
Hoxb1 (24,25,47). However, not all genes are repressed; early germ cells in mouse 
express pluripotency markers, including Dppa3 (or Stella) (48), and some well-known 
“stem” transcription factors, Oct4, Nanog, and Sox2 (49). 
 
Other forms of repression of gene expression, for example those based on microRNAs, 
also exist in germ cells. In zebrafish, for example, miR-430 represses the translation of 
the conserved germ cell gene nanos in somatic cells, whereas this repression is alleviated 
in germ cells by Dead-end (Dnd) (50). Many of these transcriptional repressors of 
somatic fate in germ cells appear to be germ cell-specific and these components are not 
shared with somatic stem cells, for example, Blimp1 is not necessary for pluripotency of 
ESCs (51). These observations indicate that mechanisms of transcriptional repression, 
and perhaps activation, could have independently evolved in the germ cell lineage.  
 
1.3.2. Transcriptional activation in germ cells 
 
Despite the preponderance of transcriptional repressors in germ cell development, 
activators have to be present to carry out germ cell-specific functions. For example, 
newly formed germ cells need to migrate to gonads, interact with their somatic 
environment during and after migration, activate male or female regulatory networks, and 
commit to differentiation (1). GSCs need to undergo asymmetric or symmetric divisions 
to carry out two crucial processes: self-renewal and differentiation.  
 
7
Depending on the species, germ cells appear to activate cell type-specific transcriptional 
programs using a variety of methods. Germ cells could activate transcription by: 1) using 
core promoter sequences not active in somatic cells or change intrinsic promoter 
specificity; 2) expressing tissue-specific variants or isoforms of core transcription factors; 
3) using alternate histone subunits to alter chromatin conformation, making sequences 
differentially accessible to transcription factors; or 4) altering the levels of expression of 
specific transcripts (52).  
 
1.3.3. Male-specific transcriptional regulation in germ cells 
 
Although a majority of germ cell-specific transcription factors studied appear to be 
restricted in function to meiotic or post-meiotic germ cell processes  (52,53), some 
transcription factors required for the maintenance of GSC or SSC populations are known. 
Three transcription factors known to function in SSCs deserve a mention, as they are 
especially relevant to this work. 
 
Promyelocytic leukemia zinc finger (Plzf, also known as Zfp145) is crucial for many 
developmental processes such as patterning and hematopoiesis (54-56). In the mouse 
germline, Plzf is expressed in the undifferentiated spermatogonia and coexpressed with 
the pluripotency marker, Oct4. Mutant Plzf mice are able to complete initial rounds of 
spermatogenesis, but show a progressive loss of germ cells over time. Through 
transplantation of Plzf-/- mutant SSCs to wildtype gonads and wildtype SSCs to Plzf-/- 
mutant gonads, the authors showed that Plzf is an SSC-intrinsic factor necessary for self-
renewal and proliferation of SSCs (57,58). 
 
Taf4b is a gonad-specific component of TFIID in the core transcriptional machinery (59). 
Unlike Plzf, Taf4b is more widely expressed in the male gonad, including pre-meiotic 
spermatogonia and post-meiotic spermatids. Similar to Plzf-/- mice, Taf4b null mice show 
reduced germ cell proliferation and a degeneration of testes over time, indicating that 
Taf4b is necessary for the self-renewal and proliferation of early male germ cells (60). 
 
8
Previous work published by our group identified a germ cell-specific paralog of Nuclear 
Factor-Y B (NF-YB), in S. mediterranea. NF-YB, belonging to the NF-Y family of 
transcription factors, is necessary for the maintenance of SSCs. NF-YB knockdown 
animals lost their male germ cells over time, similar to the Plzf and Taf4b null phenotypes 
in mice (61).  
 
 
1.4. The Nuclear Factor-Y family of transcription factors 
 
Nuclear Factor-Y (NF-Y), also named CCAAT Binding Factor (CBF) or CCAAT Protein 
1 (CP1), is a ubiquitous heterotrimeric transcription factor, consisting of subunits  
NF-YA, NF-YB, and NF-YC, that binds the CCAAT sequence (62-65). The CCAAT 
sequence is typically present between -60 and -100 positions relative to the transcription 
start site (TSS) (66). NF-YB and NF-YC have conserved histone fold motifs, similar to 
H2A and H2B, composed of three alpha helices separated by short loops (67). The 
association of these histone fold motifs results in a stable dimer, and sequence specificity 
to the complex is rendered by the recruitment of NF-YA (68,69). Studies have shown that 
individual components of the complex may have different roles (70,71), raising the 
possibility that one or more subunits of the complex may act independently of the 
other(s), or in concert with other transcription factors. 
 
Analysis of over 500 eukaryotic promoters revealed that the CCAAT box is present in 
over 30% of these promoters and is one of the most abundant elements (72,73). The 
nucleotide specificity of the NF-Y complex, however, extends beyond the CCAAT 
pentanucleotide, and it has been demonstrated that the CCAAT adjacent sequences also 
play an important role in NF-Y recognition and transcriptional regulation (74,75). The 
NF-Y complex can either activate or repress transcription (76) and plays a role in many 
biological contexts ranging from cell cycle regulation (77), cholesterol metabolism (78), 
antigen presentation (79), as well as a multiplicity of roles in Arabidopsis thaliana, 
including activation of genes involved in drought and stress response (80). 
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1.4.1. NF-Y complex in cell cycle regulation and cancer 
 
Almost all cell cycle-regulated promoters and regulators of cell cycle contain CCAAT 
boxes (77). CCAAT boxes have been shown to be crucial for the regulation of genes 
involved in essentially every stage of cell cycle, including PDGFb-R (G0); E2F1, 
CDC25A, PCNA (G1/S); Cyclin A, CDC25B (S); topoisomerase IIa, PLK (S/G2), 
CDC25C and Cyclin B1/B2 (G2/M) (81-89).  
 
Several studies highlight the complex interplay between NF-Y and p53 in pro-survival 
versus pro-apoptotic pathways following DNA damage (90-94). Although the levels of 
NF-Y subunits have not been found to be altered in cancer, multiple groups have shown a 
positive correlation between activation of CCAAT-dependent genes and transformation, 
and conversely, that overexpression of growth suppressors and treatment with anti-cancer 
agents leads to repression of NF-Y targets (reviewed in 95).  
 
1.4.2. NF-Y complex in developmental model systems 
 
In C. elegans, the NF-Y complex is a repressor of the homeobox gene egl5 (96) and the 
T-box gene tbx2 (97) and knockdown of NF-Y components results in ectopic expression 
of these genes. Repression of somatic genes by the NF-Y complex bears some relevance 
to the role of this transcription factor in stem cells (discussed in the next section).  
 
In D. melanogaster, overexpression or knockdown of NF-YA results in lethality (98). In 
a follow-up study, these authors demonstrated that NF-Y is necessary for basket 
expression in larvae and regulation of the JNK pathway during thorax development (99). 
In a whole-genome microarray analysis for Dorsal targets, a tissue-specific isoform of 
NF-YC was found to be necessary for the activation of mesodermal genes (100). It has 
also been demonstrated that the correct targeting of the D. melanogaster R7 
photoreceptor axons requires NF-YC-mediated suppression of the R8-targeting program. 
Mutation in NF-YC results in de-repression of an R8-specific transcription factor, 
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senseless, leading to incorrect termination of R7 cells in the same optic layer as R8 cells 
(101). 
 
1.4.3. NF-Y complex and stem cells 
 
A particularly intriguing function of the NF-Y complex, significant to the work presented 
here, is its role in various stem cell populations. Members of the NF-Y complex are 
enriched in the inner cell mass of the mouse blastocyst (102), and NF-YA null mice die 
during early embryogenesis (64). In hematopoietic stem cells (HSC), overexpression of 
NF-Ya, in a HOXB4-dependent manner, promotes HSC proliferation and self-renewal. 
Furthermore, levels of NF-Ya mRNA declined upon HSC differentiation, and NF-Ya 
deletion results in accumulation of HSCs in G2/M phase of the cell cycle and results in 
apoptosis (103,104). NF-Y levels and activity are also downregulated upon skeletal 
muscle differentiation (86).  
 
A connection between NF-Y and pluripotency of ESCs emerged when the CCAAT box 
was demonstrated to be a pluripotency-enriched motif using a computer algorithm to 
identify conserved and overrepresented gene motifs that are upregulated in pluripotent 
cells. This study showed that the NF-Y complex is necessary for the proliferation of 
ESCs, specific subunits of the complex are downregulated upon ESC differentiation, and 
inhibition of NF-Y function results in accumulation of ESCs at G1/S transition of the cell 
cycle (105). It was later demonstrated that NF-Y binding to DNA is necessary for the 
binding of the important pluripotency factor Nanog, and therefore not surprisingly, a 
large percentage of Nanog-binding sites in ESCs also have NF-Y binding sites (106). A 
recent study provided a more definitive association between the NF-Y complex and the 
core pluripotency genes (107). These authors demonstrated that in addition to its 
housekeeping functions through the binding of promoter-proximal sites, the NF-Y 
complex is crucial for establishing cell identity of ESCs via the binding of CCAAT 
sequences more distal to the TSS. Through the binding of these distal sites, the NF-Y 
complex establishes a permissive chromatin conformation, which in turn promotes the 
binding of transcription factors essential for establishing the core pluripotency network, 
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consisting of Oct4, Sox2, Nanog, among others. Furthermore, NF-Y-depleted ESCs show 
a decrease in the mRNA levels of these pluripotency genes and a concomitant increase in 
differentiation markers. Conversely ESC exit from a pluripotent state results in loss of 
NF-Y binding from the distal pluripotency promoters (107). The role of NF-Y complex in 
establishing pluripotent cell identity through regulation of other transcription factors, in 
addition to cell cycle regulation, is a particularly intriguing observation.  
 
 
1.5. Post-transcriptional regulation in germ cells 
 
Post-transcriptional regulation appears to be key to germ cell identity, maintenance, 
differentiation, and survival in many organisms, but has been extensively studied in the 
determinate mode of germ cell specification (108). It has even been proposed that due to 
the need to maintain totipotency and genome plasticity, germ cells have switched from 
DNA-based regulation to an RNA-centric program that is largely based on post-
transcriptional regulation using RNA-binding proteins (2). Another characteristic feature 
of germ cells, consistent with the RNA-centric gene regulatory mechanisms, is the 
presence of RNA-rich organelles called germ granules (2). Germ granules appear to be a 
conserved feature of germ cells in both determinate and inductive forms of specification. 
In some organisms germ granules contain RNAs that play important roles in maintaining 
germ cell identity (109). 
 
Several conserved RNA-binding protein families have crucial roles in germ cell 
development, including Vasa, Nanos, Pumilio, Dead-end1, DAZL, PIWI, and Tudor 
(reviewed in 110). Although all these molecules play crucial roles in post-transcriptional 
regulation in germ cells, their functions in the precise stage of germ cell development 
vary widely between organisms.  
 
An example of a gene with conserved but multitudinous roles in germ cell development is 
nanos, which will feature multiple times in this work. In D. melanogaster, Nanos is 
necessary for timely migration of germ cells and maintenance of germ cell identity 
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(111,112), attenuation of germ cell proliferation (113), and active repression of somatic 
transcripts (43). C. elegans nos1 and nos2 are not necessary for PGC specification, but 
instead play a role in germ cell maintenance (114). In zebrafish, nanos1 is expressed in 
the germ plasm and is necessary for the migration and survival of PGCs (115). In mice, 
nanos2 functions in a male germ cell-specific manner and knockout of this gene results in 
elimination of early male germ cells or spermatogonia. The other paralog, nanos3, is 
expressed in migrating PGCs and disruption of this gene results in complete loss of all 
germ cells in both sexes (116,117). Finally, nanos has been shown to be expressed in the 
germ cells of the free-living flatworms Dugesia japonica and S. mediterranea (31,118). 
S. mediterranea nanos has been shown to be expressed in GSCs and is necessary for the 
maintenance of both male and female germ cells (31). These studies highlight how an 
RNA-binding protein can play a role in a wide range of germ cell processes across 
metazoans. 
 
 
1.6. The DAZ family of RNA-binding proteins 
 
1.6.1. The Y chromosome and male infertility 
 
Infertility affects about 15% of couples worldwide (119), with genetic abnormalities 
accounting for 15-30% of male infertility (120). Microdeletions of the Y chromosome, a 
common cause of male infertility, are observed in 10-15% of azoospermic (no sperm) 
men and 5-10% of oligozoospermic (less than 20 million sperm/mL) men (121,122). 
Deletions in the long arm of the Y chromosome, Yq, are especially related to 
spermatogenic failure (123,124), and a segment designated the azoospermia factor (AZF) 
region (125) in Yq contains many genes necessary for growth and maturation of sperm 
(126,127). The Deleted in Azoospermia (DAZ) locus (comprised of four DAZ genes in 
two clusters) is present in AZFc, a subregion of AZF, and mutations in the DAZ locus 
have been implicated in a range of spermatogenic defects (128,129) .  
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1.6.2. The DAZ family: members, structure, and evolution 
 
Shortly after DAZ was proposed as the candidate gene responsible for spermatogenic 
defects in men with deletions in the AZFc region (128), the human (130,131) and mouse 
(132,133) autosomal homolog of DAZ, Daz-like or Dazl (also referred to as Dazh for Daz 
homolog and Dazla for Daz-like autosomal in some publications) were identified. 
Cloning and characterization of the D. melanogaster boule, a homolog of DAZ, was 
reported almost simultaneously (134). The DAZ family therefore consists of three genes: 
DAZ, Dazl, and boule.  
 
Members of the DAZ family are RNA-binding proteins. They are characterized by the 
presence of two distinct domains: an RNP-type RNA recognition motif (RRM) and a 
DAZ motif. The RRM is present in many RNA-binding proteins and plays a role in 
binding of target RNA, and regulating their translation, localization, splicing, and 
stability. The DAZ motif, however, is exclusive to this protein family. Boule and Dazl 
have a single DAZ motif, and DAZ has a series of 8-18 DAZ repeats, each consisting of 
24 amino acids. The DAZ motif is thought to function in binding of partner RNA-binding 
proteins for post-transcriptional regulation of target mRNA (reviewed in 135-138). 
 
The DAZ family has well-conserved functions in gametogenesis across metazoans. boule 
is the ancestral gene in the family and appears to be widely present in both vertebrate and 
invertebrate bilaterian phyla (139). Based on functional studies performed in well-
established invertebrate model organisms, D. melanogaster (134) and C. elegans (140), 
as well as the flatworm Macrostomum lignano (141), it is thought that boule is necessary 
for meiotic progression and post-meiotic maintenance of germ cells (139). Dazl emerged 
from the duplication and functional divergence of boule in an early vertebrate ancestor 
about 450 million years ago and is therefore present only in vertebrates (139). Studies in 
the mouse (132,142,143) and Xenopus (144) indicate that Dazl plays a role in early 
gametogenesis. Transposition of the DAZL locus to the Y chromosome in early primates, 
approximately 30 million years ago, followed by repeated amplification and pruning 
resulted in the DAZ gene, which is restricted to humans and old world monkeys (139). 
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1.6.3. Functions of Boule in other model organisms 
 
In D. melanogaster, loss of boule function causes meiotic arrest of male germ cells in the 
G2/M transition accompanied by limited male germ cell maturation, and no visible defect 
is observed in female flies (134). In C. elegans, the boule ortholog, daz-1, is necessary for 
oocyte progression through the pachytene stage and knockdown of daz-1 results in 
sterility in the hermaphrodites with no effect seen in male worms (140). In a follow-up 
study, the same group went on to show that if daz-1 was knocked down in a C. elegans 
strain with conditional masculinization of the germline, the sperm/oocyte switch was 
ablated, indicating a possible role for daz-1 in sex determination (145). For a long time, it 
was thought that boule and Dazl were single copy autosomal genes. However, a recent 
study in M. lignano showed that this flatworm has three paralogs of boule (141). RNAi of 
macbol1 affected late stages of meiosis in the testis and resulted in absence of 
spermatozoa. Knockdown of Macbol2 by RNAi showed no phenotype. Macbol3 RNAi 
caused female sterility as a result of aberrant oocyte maturation (141).  
 
Among vertebrates, boule has been shown to be expressed in both male and female 
gonads of Oryzias latipes (medaka fish) (146) and Oncorhynchus mykiss (rainbow trout) 
(147), although its function is not known. In male mice, Boule knockout does not affect 
meiotic progression, but is instead necessary for the later stage of spermiogenesis, and the 
most differentiated cells in the testis of these animals are round spermatids (148). Loss of 
Boule does not have an effect on female gametogenesis in mice (148). 
 
1.6.4. Functions of Dazl in other developmental systems 
 
In zebrafish, zDazl mRNA is expressed in both the male and female gonad (149) and 
DAZL protein activates translation of Tudor domain-containing protein 7 (tdrd-7) and 
zdazl transcripts by alleviating miR-430 repression of these transcripts and promoting 
polyadenylation (150). In Xenopus, Xdazl is expressed in the maternal germplasm, as 
well as male germ cells (151). Depletion of maternal Xdazl RNA results in aberrant 
migration of PGCs to the gonad, although PGC formation itself does not appear to be 
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affected (144). Gonadal expression patterns of Dazl have also been described in axolotl 
(152), medaka (153,154), and rainbow trout (147). 
 
In the original functional characterization of Dazl in mice of mixed background, it was 
observed that both female and male mice were sterile (132). Female mice had small 
ovaries in which follicles and ova were absent. Homozygous null male mice showed 
severe disruption of testicular histology and although some early germ cells 
(spermatogonia) were seen, most male germ cells were absent. Heterozygous male mice 
showed reduced sperm count and about 60% of sperm were visibly abnormal. Based on 
immunostaining for Dazl protein and knockout phenotypes of this gene, the authors 
conclude that Dazl is necessary for differentiation of germ cells in both the sexes (132). 
Other studies have also noted that early germ cells are present after birth, and determined 
that in male mice Dazl appears to be necessary for the proliferation of early germ cells or 
spermatogonia (155).  
 
However, subsequent studies indicate that Dazl might be acting earlier in gametogenesis. 
In C57BL/6 genetic background (99.2%-99.9% of the genome expected to be of 
C57BL/6 origin) Dazl is required for XY germ cell development as early as E12.5-E13.5 
(142). Germ cells of Dazl-/- XY mice show a loss of characteristic germ cell markers by 
E14.5-E15.5, display increased apoptosis by E15.5, and lack germ cells at birth (142). A 
subsequent study by the same group proposed Dazl as a “licensing factor” for both XX 
and XY germ cells, wherein germ cells in C57BL/6 Dazl-deficient background are 
specified and migrate to the gonads, but are unable to commit to male or female identities 
or initiate meiosis (143). Other studies have shown that loss of Dazl results in reduction 
in XX and XY PGC numbers post-migration, aberrant genomic imprinting and 
uncharacteristic expression of pluripotency markers, and subsequent defect in meiotic 
progression in PGCs (156).  
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1.6.5. Implications of the DAZ family of proteins in human fertility 
 
The functions of DAZ family members in human fertility are more difficult to determine 
and are based on clinical surveys, which indicate correlation, but not necessarily 
causation between members of the DAZ family of proteins and fertility. For example, 
based on quantitative real-time PCR, it has been shown that DAZL levels are lower in 
men with spermatogenic failure (157). Sequence variations and single nucleotide 
polymorphisms in the DAZL locus affect reproductive parameters and fertility (158-160), 
whereas homozygous missense DAZL mutations appear to lead to sterility (161). It has 
been well documented that variations in copy numbers or deletions of the DAZ locus 
result in a range of male germ cell defects from oligozoospermia to azoospermia 
(128,129,162,163). 
 
An observation that can be made based on clinical reports and rescue experiments 
performed in different model organisms is that boule, Dazl, and DAZ appear to perform 
overlapping, but distinct functions in gametogenesis. On the one hand, there is a high 
degree of conservation in the RRM and DAZ domains of the three genes. Multiple groups 
have been able to restore gametogenesis (if only partially) in a boule/Dazl deficient 
organism using a functional copy of a DAZ family ortholog from a vastly different 
organism (141,151,164,165). However, the proteins encoded by these genes are evidently 
not functionally redundant. For example, mutations in DAZ result in male sterility even 
in the presence of a functional copy of DAZL.  
 
 
1.7. Role of germ cells in parasite pathogenesis 
 
The phylum Platyhelminthes contains both free-living and parasitic flatworms. Whereas 
planarians belong to the class Turbellaria, which is represented by free-living flatworms, 
members of the class Trematoda are parasites. In the case of many of these trematode 
parasites, their prodigious egg-laying capacity is the reason behind pathogenesis in the 
definitive host, in many cases humans. Trematodes in general have high reproductive 
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potential with Fasciola hepatica being one extreme example, capable of producing 
25,000 eggs per worm per day (166). Therefore, understanding mechanisms of germ cell 
development, in addition to being important for understanding the many processes listed 
above, can also have important consequences for the treatment of diseases caused by 
parasitic flatworms. 
 
1.7.1 Primer to schistosomes and schistosomiasis 
 
Members of the flatworm genus Schistosoma, also known as blood flukes, are causative 
agents of the major neglected tropical disease schistosomiasis. Schistosomiasis is a 
chronic and debilitating disease that affects over 200 million people in 78 countries and 
causes approximately 200,000 deaths annually. Most human infections are caused by S. 
mansoni, S. haematobium, or S. japonicum. A single drug, praziquantel, is currently used 
for the treatment of schistosomiasis. The clinical manifestations of the disease are a result 
of the host’s immune response to the eggs produced by the parasite. The eggs get lodged 
in various host organs, causing inflammation, liver and spleen enlargement, and 
hypertension of vasculature. Chronic schistosomiasis severely affects the ability to work 
and lead a productive life. In children the effects are more severe, resulting in anemia and 
learning impairments (167). 
 
1.7.2. The schistosome life cycle 
 
Like other trematodes, schistosomes have a complex life cycle with free-living and 
parasitic life stages, and intermediate invertebrate and definite vertebrate hosts. Adult 
male and female schistosomes pair in the host vasculature and produce eggs, which get 
lodged in host organs. Some of the eggs find their way out of the host, come in contact 
with freshwater, hatch and release free-living larvae called miracidia, which infect a 
mollusc intermediate host. S. mansoni, S. haematobium, or S. japonicum infect different 
species of the snail genus Biomphalaria. Inside the snail, these larvae develop into a 
mother sporocyst, which undergoes asexual reproduction to produce multiple daughter 
sporocysts. The larvae that emerge from the snail, called cercaria, are infective to 
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humans. The cercaria penetrate the skin of the human host, undergo a series of 
developmental transformations, and migrate to the site of mating and egg production. In 
the case of S. mansoni, adult male and female worms mate in the hepatic portal vein, and 
migrate to the mesenteric veins of the intestine to commence egg production (168). 
 
1.7.3. Sex separation and S. mansoni genome 
 
It is thought that schistosomes were derived from hermaphroditic parasitic ancestors 
(169,170). Several possible mechanisms of sexual separation have been proposed (171). 
S. mansoni have 7 diploid autosomes and a pair of sex chromosomes (172). Sex is 
determined in the zygote with male miracidia resulting from ZZ chromosomes and 
females from ZW, thus, a single miracidium produces cercaria of the same sex. The S. 
mansoni genome has been sequenced and contains ~360 megabases and encodes at least 
11,000 genes (173). 
 
1.7.4. The male reproductive system of S. mansoni 
 
Male S. mansoni have 4-8 testis lobes, situated antero-dorsally, adjacent to the head of 
the worm. Mature spermatozoa are collected in a ventral cavity in each testis lobe, and a 
vas efferens extending from this cavity connects to a vas deferens, which in turn connects 
to a seminal vesicle. From the seminal vesicle, spermatozoa are transported to the genital 
opening via a cirrus duct (170,174). Individual stages of male gametogenesis are 
randomly distributed within the testis lobe and lack positional organization (175,176). 
Sperm is produced by both paired and unpaired male worms, in mice infected by male 
cercaria only (referred to as unisexual infections), and even in male parasites cultured in 
vitro (170), indication that spermatogenesis is not dependent on pairing. A special feature 
of the male parasite is the presence of a gynecophoral canal, which is a groove that runs 
across the length of the male body, in which the female schistosome resides for pairing 
and transportation.  
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1.7.5. The female reproductive system of S. mansoni 
 
In platyhelminths, the production of ova and associated nutritive materials is performed 
by two separate, but interconnected organ systems (177). Oogenesis occurs in the ovary, 
whereas vitellaria or vitelline glands produce vitelline cells, which provide shell and 
nutrients for the egg. Schistosomes possess a single coiled ovary, present anteriorly. In 
the mature ovary, germ cells are arranged in a linear fashion, with the undifferentiated 
oogonia located in the anterior, and differentiating oocytes in the posterior (178,179). The 
oviduct emerges from the posterior region of the ovary and a seminal receptacle is 
located in the proximal end of the oviduct for storing sperm (178). The vitellaria extend 
from the posterior of the ovary to the posterior end of the female worm. Minor ducts 
extending from vitelline follicles connect to the vitelline duct, which in turn opens into 
the oviduct. Studies have shown that vitelline cells are haploid, suggestive of a common 
origin of vitellaria and the ovary (180-183). The combined ovo-vitelline duct opens into a 
chamber known as the ootype where shell formation commences (184,185). The oocyte, 
vitelline cells, and sperm are thought to move collectively from the ootype to the uterus, 
and the process of fertilization and subsequent cleavage occurs within the shell (179).  
 
In S. mansoni cultured in vitro from cercaria to adults, the anterior oogonia appear 
normal, however, the cells in the middle and posterior degenerate and only abortive eggs 
are produced (170,186-188). Vitelline cells, however, were found to be normal, 
suggesting that host factors may not be as crucial for vitelline development (186). In 
unpaired females, the ovary is small and relatively inconspicuous and while ova are 
produced, they lack cortical granules and vitelline glands are almost entirely unable to 
mature (178,189).  
 
1.7.6. Dependence of female S. mansoni on male worms for egg production 
 
As mentioned above, in unisexual (single-sex) infections, male parasites appear normal, 
but female parasites are developmentally stunted and reproductively underdeveloped. 
Paired females grow in length from 2.52 to 8.25 mm, whereas unpaired female worms 
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remain in the range of 2.6 to 3.7 mm at the same stage of infection (190). This restricted 
reproductive development is because in the case of S. mansoni, the female worms require 
pairing and continuous association with the male worms for growth and reproductive 
maturation. The nature of the stimulus exerted by the male is not completely understood 
and several hypotheses have been put forth by various groups. The stimulus could be 
neuronal, hormonal or nutritive. The muscular movements of the males could play a role 
in female feeding behavior through a peristaltic motion that pumps blood into the female 
parasites. The males also serve as a means of transport of the female worms to the 
mesenteric veins, where the environment could be especially suited for female growth 
and maturation. No evidence currently exists to support these hypotheses (171).  
 
Female S. mansoni are not simulated to mature until the males themselves have become 
mature, but insemination is not thought to be necessary for female development 
(191,192). Interspecific crosses among S. mansoni, S. japonicum, and S. haematobium 
have shown that reproductive stimulation by male worms can also happen between 
species, and some eggs are produced of the maternal type (190). 
 
Studies have shown that pairing in the hepatic portal vein is the main stimulus for the 
migration of S. mansoni to the site of egg production: the mesenteries (193). Male worms 
play a major role in the migration, with the female worms carried passively inside the 
gynecophoral canal of the male. This hypothesis is strengthened by the observation that 
mice infected with female cercaria alone, or unisexual females, are absent from the 
mesenteric veins, whereas some unpaired males can be found, although their numbers are 
much lower (193,194). Once they are relocated to the intestine, paired worms commence 
egg production. The schistosome egg is the cause of pathogenesis in schistosomiasis and 
the means through which the disease is transmitted. The prodigious egg-producing 
capacity of S. mansoni is remarkable and female worms produce up to 35,000 eggs a day. 
The eggs accumulate in the liver and cause an acute inflammatory response from the host 
immune system, resulting in the clinical manifestations of schistosomiasis (171). 
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1.8. Conclusion 
 
Germ cells perform a multitude of roles for the survival of sexually reproducing 
organisms. A deeper understanding of mechanisms that function in germ cell 
development can be the key to understanding the extraordinary totipotency of these cells 
and well as their potential for disease pathogenicity. The planarian S. mediterranea is an 
experimentally tractable model system useful for the study of a range of germ cell 
processes, including the specification, maintenance, and differentiation of these cells. We 
capitalize on the experimental tractability of the planarian male reproductive system to 
understand the functions of planarian homologs of NF-Y and DAZ family members. We 
also adopt an unbiased approach to characterize genes which function in the male 
reproductive system of S. mansoni and identify genes necessary for egg production in the 
definitive host. Collectively, our studies enhance the knowledge of germ cell processes 
across metazoans as well as a better understanding of the less experimentally accessible 
parasitic flatworms. 
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CHAPTER 2: NF-YB REGULATES SPERMATOGONIAL 
STEM CELL SELF-RENEWAL AND PROLIFERATION IN 
THE PLANARIAN SCHMIDTEA MEDITERRANEA1 
 
 
2.1 Abstract 
 
Gametes are the source and carrier of genetic information, essential for the propagation of 
all sexually reproducing organisms. Male gametes are derived from a progenitor stem cell 
population called spermatogonial stem cells (SSCs). SSCs give rise to male gametes 
through the coordination of two essential processes: self-renewal to produce more SSCs, 
and differentiation to produce mature sperm. Disruption of this equilibrium can lead to 
excessive proliferation of SSCs, causing tumorigenesis, or can result in aberrant 
differentiation, leading to infertility. Little is known about how SSCs achieve the fine 
balance between self-renewal and differentiation, which is necessary for their remarkable 
output and developmental potential. To understand the mechanisms of SSC maintenance, 
we examine the planarian homolog of Nuclear Factor Y-B (NF-YB), which is required 
for the maintenance of early planarian male germ cells. Here, we demonstrate that NF-
YB plays a role in the self-renewal and proliferation of planarian SSCs, but not in their 
specification or differentiation. Furthermore, we characterize members of the NF-Y 
complex in Schistosoma mansoni, a parasitic flatworm related to the free-living 
planarian. We find that the function of NF-YB in regulating male germ cell proliferation 
is conserved in schistosomes. This finding is especially significant because fecundity is 
the cause of pathogenesis of S. mansoni. Our findings can help elucidate the complex 
relationship between self-renewal and differentiation of SSCs, and may also have 
implications for understanding and controlling schistosomiasis. 
 
																																																						
1 This work was published as: Iyer H, Collins JJ, Newmark PA. NF-YB Regulates Spermatogonial Stem 
Cell Self-Renewal and Proliferation in the Planarian Schmidtea mediterranea. PLoS Genet. 2016;12: 
e1006109. doi:10.1371/journal.pgen.1006109 
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2.2 Introduction 
 
Spermatogenesis is highly prolific, relying on SSCs for continual production of progeny. 
This prodigious output must employ multiple mechanisms to maintain the fine balance 
between SSC self-renewal and differentiation. Understanding the mechanisms of SSC 
maintenance is crucial for the treatment of several physiological and disease conditions. 
Self-renewal of SSCs without differentiation can result in tumor formation. For instance, 
seminoma-like growth of undifferentiated spermatogonia is seen upon expression of 
activated RAS, or overexpression of GDNF, or Cyclins D2 and E1, or BCL6B (1-3). In 
contrast, aberrant development and differentiation of spermatozoa, due to insufficient 
sperm production, inadequate sperm motility, or abnormal sperm morphology, are the 
principal causes underlying male infertility (4).  
The maintenance of germline stem cells is also a key feature behind the fecundity of 
trematodes such as Schistosoma mansoni, a causative agent of schistosomiasis, a disease 
affecting over 200 million people worldwide. The pathogenicity of schistosomiasis is due 
to the body’s immune response to eggs laid by adult worms in their human hosts. The 
spermatogenic output of these parasites is clear from the observation that individuals with 
schistosomiasis can pass eggs over 30 years after initial infection (5,6). Thus, in addition 
to illuminating the causes behind infertility and tumorigenesis, a better understanding of 
molecules that play a role in the maintenance of SSCs may provide new approaches for 
preventing and treating schistosomiasis. 
One such molecule is a planarian homolog of Nuclear Factor-Y B (NF-YB), which 
belongs to the NF-Y family of transcription factors (7-9). The NF-Y complex has been 
studied in several developmental contexts in D. melanogaster (10-12), C. elegans (13), 
and D. rerio (14), and a function in germ cells for this gene family has been described in 
the freshwater planarian Schmidtea mediterranea (15). More recent work has shown that 
members of this complex also play roles in somatic stem cell maintenance in the asexual 
strain of S. mediterranea (16). In the sexual strain, upon NF-YB knockdown, animals 
initially lost their SSC pool followed by more differentiated male germ cells. After over a 
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month of NF-YB(RNAi), mature sperm were seen in sperm ducts of sexual planarians, and 
some animals had small testes filled with mostly spermatids and some sperm. Thus, NF-
YB(RNAi) animals appeared to complete the initial rounds of spermatogenesis, but failed 
to maintain sperm production over time, possibly due to the loss of SSCs. This phenotype 
is strikingly similar to that seen in Plzf and TAF4b mutant mice (17,18). How NF-YB 
coordinates the balance between self-renewal and differentiation decisions of SSCs at 
both cellular and molecular levels needs further exploration.  
 
In this study, we provide a phenotypic characterization of planarian NF-YB(RNAi) using 
new markers to track individual stages of spermatogenesis (19). Our experiments indicate 
that in S. mediterranea, NF-YB does not control germ cell specification or 
differentiation, but instead promotes self-renewal and proliferation of early germ cells. 
Interestingly, the NF-YB(RNAi) phenotype in the male germline is strikingly similar in 
both S. mediterranea and the trematode S. mansoni. Our findings provide mechanistic 
insight into the role of NF-YB, show the conserved function of this molecule in the testes 
of both free-living and parasitic flatworms, and may have implications for combating 
schistosomiasis.  
 
 
2.3. Results 
 
NF-YB(RNAi) results in progressive loss of male germ cells in Schmidtea 
mediterranea starting from the stem cell population 
 
To observe the different stages of NF-YB(RNAi) phenotype progression in the male germ 
cells of S. mediterranea (schematic Figure 2.1 A), we tracked the following male germ 
cell populations and their respective signature transcripts: SSCs (=nanos), spermatogonia 
(=germinal histone H4/gH4), spermatocytes (=tektin1/tkn-1), and spermatids (=protein 
kinase A/pka) (20-22). Loss of SSCs and spermatogonia was observed at the earliest 
stages of NF-YB(RNAi), indicated by loss of nanos and gH4 labeling (Figure 2.1 B and C, 
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Figure 2.2). Although the spermatocyte layer was initially unaffected, upon continued 
knockdown, a reduction in tkn-1-labeled spermatocytes was seen (Figure 2.1 D, Figure 
2.2). NF-YB(RNAi) animals also show varying degrees of mature spermatozoa loss during 
the RNAi timecourse. At later time points the testes only contained clusters of 
spermatids, labeled with pka (Figure 2.1 E, Figure 2.2) and some sperm. Eventually, 
there was a complete loss of all male germ cells after NF-YB(RNAi). Although all animals 
showed a progressive loss of male germ cells starting with the least differentiated cells 
(SSCs and spermatogonia), there was some variability both between samples and within 
samples in NF-YB(RNAi) animals. We hypothesize that this variability could be a 
reflection of the NF-YB mRNA/protein half-life in the system, or possibly reflect the 
variability of germ cell turnover among animals and between different testis lobes (Figure 
2.2, Table 2.1).  
 
Since NF-YB is part of a hetero-trimeric complex, requiring its partners NF-YA and NF-
YC for transcriptional activation or repression (23-25), we also examined whether other 
components of the planarian NF-Y complex function in the gonad. We identified and 
cloned two planarian paralogs of NF-YA (A1 and A2), two of NF-YB (B and B2) and one 
of NF-YC. ClustalW analyses showed a high degree of conservation between the histone-
fold motifs of these proteins with their human counterparts (Figure 2.3 A). By in situ 
hybridization, the NF-YB2 transcript was detected only in somatic cells and excluded 
from the testes (Figure 2.3 B). NF-YA1, NF-YA2, and NF-YC were detected in the male 
gonads as well as somatic tissues (Figure 2.3 B). Knockdown of NF-YB2, NF-YA1, and 
NF-YC resulted in lesions, head regression, and lethality (Figure 2.3 C), suggesting a role 
for these genes in neoblast (adult somatic stem cells) or somatic maintenance. Our 
observation is consistent with experiments performed in the asexual strain of S. 
mediterranea (16). Due to the early lethality of these RNAi treatments, we could not 
ascertain whether these genes also play roles in testes maintenance, and if they 
phenocopy NF-YB(RNAi). NF-YA2(RNAi) had no somatic or germ cell phenotype (Figure 
2.3 C and D), and its function may be redundant with NF-YA1. NF-YB appears to be the 
only subunit of the planarian NF-Y complex with a germline-specific function and this 
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gene belongs to the relatively small group of planarian genes required for early germ cell 
maintenance. Thus, we directed our focus on its functional characterization. 
 
NF-YB is not required for the specification of nanos-expressing cells in S. 
mediterranea 
 
The early germ cell loss seen in NF-YB(RNAi) animals is reminiscent of the knockdown 
of planarian nanos [21], a gene with conserved germ cell functions across metazoans 
(Figure 2.4). The similar phenotypes of NF-YB(RNAi) and nanos(RNAi) led us to 
speculate that the two genes might act in concert to control germ cell development. The 
presence of a CCAAT box, the NF-Y DNA binding motif, -118bp upstream of the nanos 
transcription start site made NF-YB an attractive candidate regulator of nanos expression.  
In S. mediterranea sexual hatchlings, expression of nanos is detected within 3 days post 
hatching (21). If NF-YB plays a role in the regulation of nanos expression, we reasoned 
that NF-YB expression would precede that of nanos. In situ analyses showed that the NF-
YB transcript was seen in the soma in early hatchlings. However, germline NF-YB 
transcript expression is observed only at later time points relative to nanos expression 
(Figure 2.5 A). This observation suggests that NF-YB does not activate the expression of 
nanos. 
Planarians specify germ cells from tissue fragments completely devoid of reproductive 
structures (21,26,27). We modified a previously established experimental paradigm (27) 
to further test whether NF-YB is required for the specification of nanos-expressing cells. 
Briefly, sexually mature planarians were fed NF-YB double-stranded (dsRNA) 2-3 times 
and amputated anterior to the ovaries. The resulting head fragments (lacking reproductive 
structures at the time of amputation) were monitored for the re-appearance and 
maintenance of nanos-expressing cells at various regeneration time points (Figure 2.5 B).  
To ensure that NF-YB protein levels were depleted below the threshold required for the 
maintenance of nanos+ cells, we performed NF-YB(RNAi) in sexually mature planarians 
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(6 feedings over a month) until nanos+ cells were lost (Figure 2.6 A). At fifteen days of 
regeneration, both control (RNAi) (n=11/11) and NF-YB(RNAi) (n=11/11) (Figure 2.5 C) 
head fragments showed de novo nanos expression, indicating that NF-YB is not required 
for the respecification of nanos+ SSCs. There was no significant difference in the number 
of respecified nanos+ cells between control and NF-YB(RNAi) animals at this early time 
point (n=11/11 for both, Figure 2.7 A). The respecified nanos+ cells in NF-YB(RNAi) 
animals persisted through regeneration for over a month (Figure 2.5 D-E’). In later stages 
of regeneration (45 days post amputation), control animals had numerous nanos+ clusters 
and many nanos+ cells per cluster, indicating proliferation of SSCs (n=10/10, Figure 
2.5C- E’, Figure 2.7 B and C Fig). By contrast, NF-YB(RNAi) animals had fewer SSC 
clusters and the nanos+ cells remained mostly as single cells in these clusters (n=10/10, 
Figure 2.5 C-E’, Figure 2.7 B and C). nanos transcripts in male germ cells were not 
detected in dmd1(RNAi) animals (Figure 2.6 B), consistent with the previously reported 
role for this gene in SSC specification [24]. We validated the effectiveness and specificity 
of NF-YB knockdown with quantitative real time PCR and in situ hybridization 
experiments to ensure that nanos expression in NF-YB knockdown animals was not due 
to residual NF-YB, defective regeneration, or off-target effects (Figure 2.6 C and 2.8). 
Together, these data suggest that NF-YB is not required for SSC specification, but may 
function later in SSC self-renewal or proliferation. 
NF-YB is required for the proliferation of planarian SSCs and spermatogonia in S. 
mediterranea 
 
The NF-Y complex is associated with cell cycle regulation in other systems (28-32), and 
is enriched in many stem cell populations (33-37). After ruling out a role for NF-YB in 
SSC specification, we tested if NF-YB is required for cell cycle progression of SSCs and 
spermatogonia and whether early germ cell loss in NF-YB knockdown was through 
differentiation or apoptosis. We knocked down NF-YB in juvenile sexual planarians; in 
these animals, the testes contain clusters of SSCs and spermatogonia, but lack the more 
differentiated germ cells. Thus, aberrations in spermatogonial differentiation are more 
easily assayed in these animals compared to mature sexual animals that already possess 
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differentiated male germ cells. The dsRNA-fed animals were processed at early and late 
knockdown timepoints, cryosectioned, and sections of the same animal were used for 
phospho-histone H3 (PH3S10) and TUNEL labeling (Figure 2.9 A). 
In planarian testes, the SSCs give rise to spermatogonia, undergoing three rounds of 
mitosis with incomplete cytokinesis, which can be easily visualized by PH3S10 staining 
(38,39). NF-YB(RNAi) animals showed a dramatic reduction in mitotic cell number 
following two feedings of dsRNA (Figure 2.9 B and Table 2.1). We confirmed that NF-
YB(RNAi) animals do not show a reduction in nanos+ SSCs or the nanos transcript at this 
RNAi timepoint (Figure 2.10). Not surprisingly, this difference was more pronounced 
after four feedings, following loss of the mitotic spermatogonial layer (Figure 2.9 C and 
Table 2.1). Our analysis clearly indicates a reduction in proliferation of SSCs and 
spermatogonia upon NF-YB knockdown.  
 
We next tested whether germ cells were undergoing apoptosis in NF-YB(RNAi) animals. 
We found low levels of TUNEL labeling in NF-YB(RNAi) animals after two feedings of 
dsRNA (Figure 2.9 D, Table 2.1). However, following four feedings of NF-YB dsRNA 
there was an increase in apoptosis of the differentiated male germ cells (Figure 2.9 E, 
Table 2.1). NF-YB(RNAi) animals in later stages of RNAi (after four feedings) still have 
differentiated male germ cells (spermatocytes and spermatids), indicating that the early 
germ cells are unlikely to be undergoing apoptosis themselves and are capable of 
differentiation. Conditional deletion of both NF-YB alleles in primary mouse embryonic 
fibroblasts causes a block in progression of the cell cycle and induction of apoptosis (40). 
We speculate that a similar mechanism of NF-YB-mediated testis-maintenance could be 
acting here.  
 
Sm-NF-YB(RNAi) results in fewer proliferating male germ cells in the parasite 
Schistosoma mansoni 
 
We have previously shown that molecular similarities exist between planarian and 
schistosome somatic stem cells (41-43); however, similarities between the germ cells of 
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these two flatworms remain unexplored. To test if the NF-Y complex plays a similar role 
in the gonads of free-living and parasitic flatworms, we examined the role of NF-Y 
components in the parasite S. mansoni. We were especially interested in this comparison 
because the morbidity associated with schistosomiasis is a result of the tremendous 
reproductive output of the parasite. Inhibiting fertilization or propagation by blocking 
germ cell production may open novel avenues for treating this disease. Although 
schistosomes are dioecious, we restricted our analysis to male schistosomes (Schematic 
in Figure 2.11 A) due to the testis-specific function of NF-YB in planarians (15).  
In situ hybridization revealed that Sm-NF-YB, Sm-NF-YA, and Sm-NF-YC (Figure 2.11 A 
and Figure 2.12 A) were enriched in the parasite testes, with possible low levels of 
somatic expression. Further, we found that Sm-nanos-1 is expressed in the testes of S. 
mansoni (Figure 2.11 A). Next, we asked if NF-YB plays a similar role in schistosome 
testis maintenance. We knocked down the NF-Y complex components in schistosomes by 
culturing the worms in vitro in the presence of dsRNA (41). Similar to the planarian NF-
YB knockdown phenotype, we found that following seven days of dsRNA treatment, Sm-
NF-YB(RNAi) animals, and surprisingly Sm-NF-YA(RNAi) and Sm-NF-YC(RNAi) 
animals, showed a loss of Sm-nanos-1 labeling (Figure 2.11 B and Figure 2.12 B).  
To determine whether loss of nanos expression is due to reduced proliferation of the male 
germ cells, we performed a 24-hour EdU pulse in vitro at early (7 days) and late (14 
days) RNAi time points. After 7 days of knockdown, control (RNAi) animals showed a 
large number of EdU+ cells in the testes (Figure 2.11 C). In contrast, Sm-NF-YB(RNAi) 
animals had fewer EdU+ male germ cells (Figure 2.11 C), while maintaining an intact 
testis structure (assessed using DAPI labeling). Similarly, Sm-nanos-1(RNAi) animals had 
fewer proliferating male germ cells but greater male germ cell loss compared to Sm-NF-
YB(RNAi) animals (Figure 2.11 C). Following 14 days of RNAi, most male germ cells 
were lost in both Sm-NF-YB(RNAi) and Sm-nanos-1(RNAi) animals (Figure 2.11 D and 
E). Sm-NF-YA and Sm-NF-YC knockdown animals showed a similar RNAi phenotype 
(Figure 2.12 C). Together, we conclude that the role of NF-YB in male germ cell 
proliferation is conserved in both free-living and parasitic flatworms. 
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2.4 Discussion 
 
Significant progress has been made in understanding post-transcriptional regulation and 
the role of RNA-binding proteins in the germline (44-46). However, mechanisms of 
transcriptional regulation in germ cells have received relatively less attention. A variant 
of TFIIA, ALF or TFIIAτ, is expressed in male and female gonads in mice and Xenopus, 
and can substitute for TFIIA in core promoters (47,48). A TATA-Binding Protein (TBP) 
variant, TLF/TRF2 is not required for the female reproductive system, but loss of 
TLF/TRF2 results in an inability to complete spermatogenesis in males (49-51). Several 
TBP-associated factors (TAFs) have germ cell-specific roles. Deletion of TAF4b in both 
female (52) and male (19) gonads results in sterility. A TAF-II-80 homolog, cannonball, 
is expressed in Drosophila spermatocytes, and mutations in this gene block spermatid 
differentiation (53). Here, we studied a planarian male germ cell-specific transcription 
factor, NF-YB, exploring the cellular mechanisms of NF-YB-mediated maintenance of 
early planarian male germ cells. We also found gonadal enrichment of NF-Y components 
in male schistosomes, and a requirement for NF-Y genes in the proliferation and 
maintenance of male germ cells in these parasites. 
Members of the NF-Y complex are enriched in stem cell populations in many other 
systems. In proliferating skeletal muscle cells the NF-Y complex, and its target cyclin B1, 
are expressed at high levels; however, in terminally differentiated cells there is a loss or 
reduction in NF-Y components (33). In hematopoietic stem cells the NF-Y complex 
activates HOXB4, a homeobox gene that is expressed abundantly in primitive HSCs. 
During HSC differentiation there is a decline in NF-Y binding to the HOXB4 promoter 
and a concomitant reduction in HOXB4 transcript levels (54). Subsequent work showed 
that NF-Ya overexpression in HSCs shifts the balance towards HSC-self-renewal rather 
than differentiation (34). By contrast, deletion of NF-Ya caused an accumulation of HSCs 
in G2/M phase of the cell cycle, followed by apoptosis, possibly as a result of 
dysregulation of key genes involved in cell cycle control, apoptosis, and self-renewal 
(36). In human embryonic stem cells (ESCs), the NF-Y complex is required for 
proliferation and isoforms of NF-Ya are differentially expressed during differentiation 
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(35). A recent study showed that, in addition to its housekeeping functions, the NF-Y 
complex regulates ESC identity by coordinating the binding of ESC master transcription 
factors to core self-renewal and pluripotency genes (37). Our finding that planarian NF-
YB is necessary for self-renewal and proliferation of SSCs and spermatogonia is 
consistent with the known functions of the NF-Y complex in these other stem cell 
systems, and provides insight into the role of this transcription factor family in germ 
cells. We also performed functional characterization of the NF-Y complex in the parasite 
Schistosoma mansoni. Previous work reported that the S. mansoni NF-YA protein is 
expressed in both male and female gonads and levels of Sm-NF-YA decreased as 
maturation of the male germ cells progressed (55). We found that NF-Y components are 
necessary for the proliferation of male germ cells in S. mansoni.  
The NF-YB(RNAi) phenotype in planarians is strikingly similar to those observed in Plzf 
(17,18) and TAF4b (19) mutant mice, both of which undergo progressive loss of 
spermatogonia with age. This progressive loss, from the least differentiated to the most 
differentiated germ cells, is not expected in the case of meiotic or maturation defects, 
strongly indicating that all three genes function in early male germ cell maintenance. 
Both Plzf and TAF4b mutant mice are born with normal number of gonocytes/primordial 
germ cells, indicating proper specification of the germ cells; planarian tissue fragments 
lacking germ cells and NF-YB activity regenerate normal number of SSCs, consistent 
with proper specification of these cells. Plzf and TAF4b mutant mice complete the initial 
rounds of spermatogenesis but show decreasing fertility with age; in planarians, NF-
YB(RNAi) SSCs and spermatogonia are able to differentiate initially but fail to do so over 
time. Plzf and TAF4b mutant mice show a decrease in proliferative spermatogonia over 
time; NF-YB(RNAi) animals also show reduced proliferation of male germ cells in both S. 
mediterranea and S. mansoni. Given the striking similarities between Plzf, TAF4b, and 
NF-YB functions in the male gonad, it is not unreasonable to speculate that these three 
genes might be controlling similar targets, or genes that perform similar functions.  
We also observed an increase in apoptotic germ cells in later stages of NF-YB(RNAi). 
NF-YB(RNAi) results in loss of nanos+ SSCs, but these cells do not show obvious 
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TUNEL labeling. Several possibilities exist to explain this observation. SSCs may be 
undergoing apoptosis but the signal may be too weak or transient to be detected, or they 
may use a non-apoptotic mechanism of cell death. It is also possible that the early germ 
cells could be entering the differentiation pathway aberrantly, resulting in apoptosis of 
the differentiating cells. NF-YB(RNAi) results in loss of elongated spermatids and sperm 
in addition to early germ cells (Figure 2.1, Figure 2.2). Although the primary phenotype 
of NF-YB(RNAi) is the loss of early germ cells, the expression of NF-YB transcript in the 
more differentiated male germ cells leaves open the possibility that NF-YB regulates 
additional target(s) vital for the survival of these differentiated cells.  
The identification of a testis-specific component of the planarian NF-Y complex, and our 
finding that NF-YB is required for the maintenance of planarian SSCs, provides a 
valuable tool for understanding the dynamics of early, undifferentiated germ cells. 
Putative SSC-specific targets of NF-YB will help reveal the function of the NF-Y 
complex in the planarian, in which tissue-specific knockdown is not possible. Several 
genes required for the maintenance of various stages of planarian germ cell development 
have homologs in other species (15). Many of these genes, such as rap55, ELAV, and 
MSY4 (56-60), are known to play roles in germ cell development in vertebrates. Given 
the observation that the NF-YB transcript is upregulated in mouse spermatogonia relative 
to other male germ cells (59), we predict that the role of NF-YB in SSC self-renewal and 
proliferation might be conserved in vertebrates. Thus, a better understanding of SSC-
specific NF-YB targets in planarians is expected to yield insight into the workings of 
early germ cells across different systems.  
 
 
2.5 Materials and Methods 
 
Ethics statement 
In adherence to the Animal Welfare Act and the Public Health Service Policy on Humane 
Care and Use of Laboratory Animals, all experiments with and care of vertebrate animals 
were performed in accordance with protocols approved by the Institutional Animal Care 
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and Use Committee (IACUC) of the University of Illinois at Urbana-Champaign 
(protocol approval number 13017). 
 
Planarian culture  
Clonal lines of hermaphroditic S. mediterranea (20) were maintained in 0.75X Montjuïc 
salts at 18°C (61). Clonal asexual lines (62) were maintained in 0.5 g/L Instant Ocean Sea 
Salts at 20°C.  
 
Cloning of NF-Y complex 
Coding DNA sequences of the NF-Y complex were obtained from SmedGD (63). 
Mixtures of sexual and asexual planarian cDNA were used as templates to clone NF-Y 
components, using primers in S2 Table.  
 
qRT-PCR 
Total RNA was extracted using TRIzol (Invitrogen) according to manufacturer’s 
instructions, DNase treated (Fisher Scientific) and cleaned using an RNA clean up kit 
(Zymo) before reverse transcription (iScript, Bio-Rad). Prior to RNA extraction, animals 
were starved for 7 days after the last RNAi feeding to ensure that any remnant dsRNA 
was cleared from the system.  qPCR was performed using GoTaq qPCR master mix 
(Promega) using Applied Biosystems StepOne Plus RT-PCR system. All experiments 
were done in biological and technical triplicates. Transcript levels were normalized to β-
tubulin (primers in S2 Table). Relative mRNA levels were calculated using ΔΔCT (64). 
 
In vitro transcription and RNA interference (RNAi) 
Planarian double-stranded RNA (dsRNA) synthesis and feeding were performed as 
previously described (65). Briefly, dsRNA diluted to 15 µg/ml in 2:1 minced 
liver:planarian salts was fed to planarians once every 4-5 days. The ccdb bacterial gene 
encoded in pJC53.2 (65) served as the negative control.  
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In situ hybridization  
Whole-mount in situ hybridization of planarians was performed as previously described 
(66) with modifications for the sexual strain (21,22,67).  
 
Imaging 
Samples developed through the NBT/BCIP colorimetric method were mounted in 80% 
glycerol and imaged using a Leica M205A stereomicroscope (Leica, Wetzlar, Germany), 
equipped with Leica DFC420 camera. Whole-mount FISH animals were mounted in 
Vectashield (Vector Laboratories, Burlingame, CA) and imaged on a Zeiss Stereo Lumar 
V12 (Carl Zeiss, Germany). For confocal FISH images, samples were mounted in 
Vectashield and imaged using a Zeiss LSM710 confocal microscope running ZEN 2011. 
Images were processed using Adobe Photoshop CS5. 
 
Immunofluorescence on sections 
Planarians were cut longitudinally and one half was killed with 2% HCl for 3 minutes on 
ice and fixed in Methacarn. Cryosectioning was performed as previously described (68). 
Anti-Phospho-histone H3 (Cell Signaling, number: 3377S) was used at 1:500 dilution 
overnight at 4°C. Secondary antibody (anti-rabbit HRP-Jackson labs 111-035-003) was 
used at 1:500. DAPI (1 µg/ml) was added to the secondary antibody solution. Tyramide 
signal amplification was done using FITC-tyramide (Perkin Elmer). Slides were rinsed in 
PBSTx and mounted in Vectashield. 
 
TUNEL on sections 
A whole-mount TUNEL protocol (69) was modified for cryosections.  Planarians were 
cut longitudinally and one half was treated with 10% N-acetyl-L-cysteine for 7.5 minutes 
and fixed in 4% formaldedyde in PBSTx (0.3% Triton X-100) for 20-30 minutes at room 
temperature. Cryosectioning was done as described previously (68). Rehydration 
included treatment with pre-chilled ethanol:acetic acid (2:1) at –20°C for 5 minutes. After 
equilibration, slides were rinsed twice in DI water, and equilibrated in equilibration 
buffer (100 mM Tris-HCl pH 7.5 + 1 mg/ml IgG-free BSA). Slides were covered with 
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TdT solution (0.5 µl NEB TdT (Cat. No. M0252L), 2 µl NEB buffer 4, 2 µl 2.5 mM 
CoCl2, 0.8 µl 1:50 DIG-dUTP in dATP, 14.7 µl water). After rinsing 3X with PBSTx, the 
sections were blocked with 5% Horse Serum (Sigma H1138) in PBSTx for 30 minutes. 
Block was replaced with 1:1000 anti-DIG-POD (Roche 11207733910) diluted in block 
solution. DAPI (1 µg/ml) was added at this step. Sections were covered with coverslips 
and incubated for 1 hour at RT. Signal was revealed using Cy3-tyramide (Perkin-Elmer). 
Slides were rinsed in PBSTx and mounted in Vectashield. 
 
Schistosoma culture and RNAi 
Mice were perfused with DMEM containing 10% heat-inactivated serum and were 
cultured in vitro (41). In situ hybridization was performed as previously described (41). 
For RNAi, animals (in quadriplicates) were soaked in dsRNA generated by in vitro 
transcription (30 µg RNA per 10-12 pairs in 3 ml of Basch 169 medium (70,71)). 
Animals were incubated for 7 and 14 days at 37°C. EdU pulse chase and detection were 
performed as described previously (41).  
 
Accession Numbers 
Nucleotide sequences have been deposited in GenBank with the following accession 
numbers: NF-YB - KU366699; NF-YB2 - KU366700; NF-YA1 - KU366701; NF-YA2 - 
KU366702; NF-YC - KU366703. 
 
 
 
 
 
52
2.6 Figures and Tables 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. NF-YB(RNAi) results in progressive loss of male germ cells in S. mediterranea starting 
from the stem cell population. (A) Schematic of sexual S. mediterranea and magnified section of a 
planarian testis lobe showing the location of individual cell types and their corresponding markers. Scale 
bar, 20 µm. Control (RNAi) and NF-YB(RNAi) animals fixed at 14, 23, 32, and 42 days (4, 6, 8, and 10 
feedings of double-stranded RNA (dsRNA), 4-5 days between feedings) following the initiation of RNAi, 
labeled to detect (B) nanos (spermatogonial stem cells or SSCs), (C) gH4 (spermatogonia and neoblasts), 
(D) tkn-1 (spermatocytes), and (E) pka (spermatids). The increasing severity of NF-YB(RNAi) phenotype is 
evident from the initial loss of the least differentiated male germ cells (SSCs and spermatogonia), followed 
by the more differentiated male germ cells. The primary cell type being affected at each stage is highlighted 
with a yellow box. Eventually all male germ cells are lost. The remaining gH4+ cells are neoblasts. The 
numbers on the figure indicate animals with phenotypes similar to the representative image shown. The 
remaining animals have either a less severe (similar to the image of the previous RNAi time point) or a 
more severe (similar to the image of the next RNAi time point) phenotype. Scale bars, 50 µm
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Figure 2.2. Quantification of the NF-YB(RNAi) phenotype in adult sexual animals. Percentage of testis 
lobes showing normal expression of each male germ cell marker during different NF-YB(RNAi) time points. 
nanos+ SSCs were the first cells to be lost in NF-YB(RNAi) animals, after 14 days of RNAi (4 feedings), 
closely followed by gH4+ SSCs and spermatogonia. At these early stages, very few testis lobes showed 
reduced tkn-1+ spermatocytes and pka+ spermatids. By 23 days of RNAi (6 feedings), more testis lobes 
showed reduced nanos and gH4 expression, and the number of testis lobes with reduced tkn-1 labeling 
increased slightly. 32 days after starting RNAi (8 feedings), all testis lobes examined lacked nanos and gH4 
labeling, many testis lobes showed reduced tkn-1 expression and about half the lobes showed reduced pka 
expression. By 42 days (10 feedings) almost all germ cells were lost. Elongated spermatids and sperm were 
lost early (between 14-23 days, 4-6 feedings) and this loss was visualized using DAPI. Ten testis lobes per 
animal (n=4-6) were counted for each testis marker per RNAi time point.  
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Figure 2.3. NF-YB belongs to the Nuclear Factor-Y family of transcription factors. (A) ClustalW 
analysis of the human and planarian NF-Y complex members showing the highly conserved domains. (B) 
NF-YB2 transcript is expressed in somatic tissues. NF-YA1, NF-YA2, and NF-YC are expressed in both the 
testes and the soma. Scale bars, 1 mm. (C) RNAi of NF-YB2, NF-YA1, or NF-YC results in lesions, head 
regression (shown with arrows), and lethality after 5 feedings of dsRNA spaced 5 days apart. NF-
YA2(RNAi) animals show no somatic phenotype. (D) NF-YA2(RNAi) animals show no loss of germ cells 
following 6 feedings of dsRNA. Scale bars, 50 µm
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Figure 2.4. nanos(RNAi) phenotype. Animals show an initial loss of SSCs and spermatogonia followed 
by the more differentiated cells of the testes. Animals were fixed following 2, 4, 6, and 8 feedings, with 4-5 
day intervals between feedings.  There are subtle differences between NF-YB and nanos knockdown 
animals. In addition to the loss of early germ cells, NF-YB(RNAi) animals also show the loss of mature 
sperm to varying degrees. After 4 feedings of dsRNA, the most differentiated stage present in NF-
YB(RNAi) animals is round spermatids. nanos(RNAi) animals do not show loss of apermatozoa. The 
nanos(RNAi) phenotype also manifests faster. Scale bars, 50 µm. 
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Figure 2.5. NF-YB knockdown does not affect specification of nanos-expressing cells in S. 
mediterranea. (A) nanos and NF-YB expression at days 1, 3, and 7 following hatching of sexual S. 
mediterranea. Blue arrows show presence of SSCs. NF-YB expression in germ cells does not precede that 
of nanos. Asterisks show somatic NF-YB expression. Scale bars, 0.5 mm. (B) Experimental scheme to test 
if a gene is required for de novo specification of nanos-expressing cells. (C) Fifteen days post amputation, 
NF-YB(RNAi) animals are capable of respecifying nanos-expressing cells. On days (D) 30 and (E) 45 post 
amputation, NF-YB(RNAi) animals do not show clusters of nanos+ SSCs, whereas control (RNAi) animals 
do. Scale bars, 50 µm. (E’) Magnified view of the SSC clusters in 45-day regenerates. Scale bars, 10 µm. 
p.a. – post amputation. 
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Figure 2.6. Validation of NF-YB(RNAi) efficacy and specificity. (A) Following 6 feedings of dsRNA, 
nanos was not detected in the testes of NF-YB(RNAi) animals. (B) dmd1(RNAi) animals do not respecify 
their male germ cells. Scale bars, 50 µm. (C) qRT-PCR to measure the levels of the NF-YB transcript (to 
determine the efficiency of knockdown), NF-YB2 transcript (to ensure specificity of NF-YB knockdown), 
and smedwi1 transcript (to determine if the somatic stem cells/neoblasts are perturbed following NF-YB 
knockdown). RNA extraction was done immediately following amputation (Day 0), and at timepoints when 
head regenerates were fixed for nanos in situ hybridization (Days 15, 30, or 45). Unpaired, parametric two-
tailed T-test with Welch’s correction was performed on all samples. NF-YB(RNAi) animals showed 
significant reduction in NF-YB mRNA levels (*** = P value 0.0001-0.001; ** = P value 0.001-0.01; * = P 
value 0.01-0.1; n.s. = not significant). 
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Figure 2.7. Quantification of de novo specified SSCs. (A) 15 days post amputation (p.a.) control and NF-
YB(RNAi) animals showed 10.1 ± 1.6 (n=11/11) and 13.7 ± 2.2 (n=11/11) SSCs respectively. The 
difference was not significant. (B) 45 days p.a. control animals (56.4 ± 6.2, n=10/10) showed significantly 
(P<0.05) higher number of SSC clusters than NF-YB(RNAi) animals (26.1 ± 2.7, n=10/10). (C) 45 days 
p.a., the number of nanos+ cells per SSC cluster was significantly (P<0.05) higher in control animals (3.2 ±
0.2, n=66 from 10 animals) compared to NF-YB(RNAi) animals (1.3 ± 0.1, n=74 from 10 animals). Scatter 
plots show mean with SD. Unpaired parametric two-tailed T-test with Welch’s correction was performed 
on all samples to determine significance (**** = P value <0.0001; *** = P value 0.0001-0.001; n.s. = not 
significant). 
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Figure 2.8. Additional validation NF-YB(RNAi) specificity. This experiment was performed to 
demonstrate that two halves of the NF-YB transcript can each knock down NF-YB mRNA and nanos+ SSCs 
are respecified in either knockdown experiment. (A) Experimental schematic. The experiment for de novo 
respecification of germ cells was repeated using dsRNA corresponding to the 5’ end of the NF-YB coding 
sequence as template. In situ hybridization was used to detect NF-YB and nanos mRNAs. A riboprobe 
corresponding to the 3’ end of NF-YB coding sequence was generated and used for FISH. (B) Control 
(RNAi) and NF-YB-5’(RNAi) animals show nanos expression following regeneration. (C) Control (RNAi) 
animals show expression of NF-YB, NF-YB-5’(RNAi) animals do not. Bottom panel – low magnification 
view of the hatchling with additional exposure showing the inability to detect NF-YB transcript throughout 
the animal. (D-F) The above experiment was also performed using the 3’ end of the NF-YB transcript. 
Scale bars, 50 µm.  
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Figure 2.9. NF-YB is required for proliferation of planarian SSCs and spermatogonia. (A) 
Experimental scheme. (B) Cryosections of control and NF-YB RNAi animals stained for PH3S10 after 2 
feedings and quantification of the results, showing a reduction in mitotic cells. (C) This effect is greater 
following 4 feedings due to the loss of spermatogonial layer. A minimum of 15 testis lobes from 7-8 
animals were counted per time point. Raw data are presented in S1 Table. (D) There was little TUNEL 
signal in control and NF-YB(RNAi) animals after 2 feedings. (E) Following 4 feedings, the differentiated 
cells in knockdown animals show increased apoptosis compared to controls. See S1 Table for raw data.  
Scale bars, 10 µm. 
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Figure 2.10. nanos expression is unaffected at early NF-YB(RNAi) time point. (A) Following 2 
feedings of dsRNA (n=6/6), NF-YB(RNAi) animals exhibit robust nanos labeling. From multiple prior 
RNAi experiments, we know that loss of nanos+ cells in NF-YB(RNAi) animals occurs only following 4-6 
feedings of dsRNA. Scale bars, 50 µm. (B) We quantified SSCs in control and NF-YB(RNAi) animals to 
ensure that the reduced PH3S10 labeling was not due to fewer nanos+ cells in NF-YB(RNAi) animals. 
Following 2 feedings of dsRNA (6 animals each, 4-8 testis lobes per animal), percentage of nanos+ cells 
per testis lobe in NF-YB(RNAi) animals (28.2 ± 1.4, n=44) was not significantly different (P<0.05) from 
control (RNAi) animals (24.8 ± 1.2, n=42). Unpaired parametric T-test with Welch’s correction was 
performed. Scatter plot shows mean with SD. (C) qRT-PCR assay showing that nanos mRNA levels were 
unaffected following 2 feedings of NF-YB dsRNA. Unpaired parametric two-tailed T-test with Welch’s 
correction was performed to determine significance (* = P value 0.01-0.1; n.s. = not significant). 
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Figure 2.11. Sm-NF-YB(RNAi) results in fewer proliferating male germ cells in the parasite S. 
mansoni. (A) Illustration of male S. mansoni depicting the location of the testes and whole-mount in situ 
hybridization (WISH) in male schistosomes showing Sm-NF-YB and Sm-nanos-1 expression in testes. (B) 
Magnified view of the Sm-nanos-1 expression in control (RNAi) and Sm-NF-YB(RNAi) animals. Sm-nanos-
1 expression is not detected in Sm-NF-YB(RNAi) animals. Scale bars, 1 mm. (C-E) EdU labeling of control 
(RNAi), Sm-NF-YB(RNAi), and Sm-nanos-1(RNAi) in male schistosomes. (C) There are fewer proliferating 
cells in the testes at early knockdown time points in Sm-NF-YB(RNAi) and Sm-nanos-1(RNAi) animals. 
Scale bars, 50 µm.  (D) At later stages of Sm-NF-YB(RNAi), the testis structure disintegrates, most likely 
due to the loss of cycling male germ cells. Scale bars, 50 µm. (E) Whole-mount animals at later stages of 
RNAi to show distribution of proliferating cells. There are few or no proliferating cells in the testes of Sm-
NF-YB(RNAi) and Sm-nanos-1(RNAi) animals. Scale bars, 1 mm. 
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Figure 2.12. Sm-NF-YA(RNAi) and Sm-NF-YC(RNAi) animals have fewer proliferating cells in the 
testes. (A) Illustration of male S. mansoni depicting the location of the testes and whole-mount in situ 
hybridization (WISH) in male schistosomes showing Sm-NF-YA and Sm-NF-YC expression in testes. Scale 
bars, 1 mm.  (B) Magnified view of Sm-nanos-1 expression in control (RNAi), Sm-NF-YA(RNAi), and Sm-
NF-YC(RNAi) animals. Sm-nanos-1 expression is not detected in Sm-NF-YA(RNAi), and Sm-NF-YC(RNAi) 
animals. Scale bars, 1 mm. (C) Left and middle panels show high magnification view of the testes in 
control (RNAi), Sm-NF-YA(RNAi), and Sm-NF-YC(RNAi) animal at early and late KD time points. Scale 
bars, 50 µm. Right panel shows whole-mount images showing reduction or loss of EdU labeling in the 
testes in Sm-NF-YA(RNAi) and Sm-NF-YC(RNAi) animals. Scale bars, 1 mm. 
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Table 2.1. Quantification of NF-YB(RNAi) phenotype in homeostasis 
Germ cell 
marker/type 
Days of RNAi 
(number of 
feedings) 
Number of 
lobes showing 
normal 
expression of 
germ cell 
marker 
Total 
number of 
testis lobes 
counted Percentage 
nanos/SSCs 
14 days (4 feedings) 28 60 46.7 
23 days (6 feedings) 19 60 31.7 
32 days (8 feedings) 0 60 0 
42 days (10 feedings) 0 40 0 
gH4/SSCs, 
spermatogonia 
14 days (4 feedings) 32 60 53.3 
23 days (6 feedings) 16 60 26.7 
32 days (8 feedings) 0 60 0 
42 days (10 feedings) 0 40 0 
tkn-1/  
spermatocytes 
14 days (4 feedings) 50 60 83.3 
23 days (6 feedings) 38 60 63.3 
32 days (8 feedings) 19 60 31.7 
42 days (10 feedings) 0 40 0 
pka/spermatids 
14 days (4 feedings) 60 60 100 
23 days (6 feedings) 41 50 82 
32 days (8 feedings) 28 60 46.7 
42 days (10 feedings) 5 40 12.5 
sperm 
14 days (4 feedings) 10 60 16.7 
23 days (6 feedings) 0 60 0 
32 days (8 feedings) 0 60 0 
42 days (10 feedings) 0 40 0 
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Table 2.2. Quantification of PH3S10+ cells in NF-YB(RNAi) animals 
Number of 
PH3S10 postive 
cells per testis 
lobule 
CTRL(RNAi) 
- 2 feedings 
NF-YB(RNAi) 
- 2 feedings 
CTRL(RNAi) 
- 4 feedings 
NF-YB(RNAi) 
- 4 feedings 
0 5 32 1 44 
1 6 5 1 3 
2 11 1 4 1 
>2 20 1 11 1 
Number of 
planarians n=8 n=8 n=7 n=8 
Table 2.3. Quantification of TUNEL+ cells in NF-YB(RNAi) animals 
CTRL(RNAi) - 2 feedings NF-YB(RNAi) - 2 feedings 
Total 
number 
of cells 
Number of 
apoptotic 
cells 
Apoptotic 
index 
Total 
number of 
cells 
Number of 
apoptotic 
cells 
Apoptotic 
index 
34 0 0 24 1 0.04 
36 0 0 36 0 0 
45 0 0 22 0 0 
CTRL(RNAi) - 4 feedings NF-YB(RNAi) - 4 feedings 
Total 
number 
of cells 
Number of 
apoptotic 
cells 
Apoptotic 
index 
Total 
number of 
cells 
Number of 
apoptotic 
cells 
Apoptotic 
index 
140 0 0 75 14 0.19 
128 0 0 90 8 0.09 
121 0 0 110 14 0.13 
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CHAPTER 3: A PREMEIOTIC FUNCTION FOR BOULE IN THE 
PLANARIAN SCHMIDTEA MEDITERRANEA2 
 
 
3.1 Abstract 
 
Mutations in DAZ, a Y-chromosome gene, are an important cause of human male 
infertility. DAZ is found exclusively in primates, limiting functional studies of this gene 
to its homologs: boule, required for meiotic progression of germ cells in invertebrate 
model systems, and Dazl, required for early germ cell maintenance in vertebrates. Dazl is 
believed to have acquired its pre-meiotic role in a vertebrate ancestor following the 
duplication and functional divergence of the single-copy gene boule. However, multiple 
homologs of boule have been identified in some invertebrates, raising the possibility that 
some of these genes may play other roles, including a pre-meiotic function. Here we 
identify two boule paralogs in the freshwater planarian Schmidtea mediterranea. Smed-
boule1 is necessary for meiotic progression of male germ cells, similar to the known 
function of boule in invertebrates. By contrast, Smed-boule2 is required for the 
maintenance of early male germ cells, similar to vertebrate Dazl. To examine if Boule2 
may be functionally similar to vertebrate Dazl, we identify and functionally characterize 
planarian homologs of human DAZL/DAZ-interacting partners and DAZ family mRNA 
targets. Finally, our phylogenetic analyses indicate that pre-meiotic functions of planarian 
boule2 and vertebrate Dazl evolved independently. Our study uncovers a novel pre-
meiotic role for an invertebrate boule homolog and offers a tractable invertebrate model 
system for studying the pre-meiotic functions of the DAZ protein family. 
 
																																																								
2 This work was published as: Iyer H, Issigonis M, Sharma PP, Extavour CG, Newmark PA. A premeiotic 
function for boule in the planarian Schmidtea mediterranea. Proc Natl Acad Sci USA; 2016;113: E3509–
18. doi:10.1073/pnas.1521341113 
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3.2 Introduction 
 
Human male infertility is often associated with Y chromosome microdeletion (1). In 
1976, Tiepolo and Zuffardi proposed the existence of an azoospermia factor (AZF) 
located on the distal arm of the Y chromosome, which could result in infertility when 
deleted (2). A strong candidate for AZF is Deleted in Azoospermia (DAZ), a Y-
chromosome gene (3,4). Soon after the discovery of DAZ, the mouse and human DAZ 
homolog, DAZ-like (Dazl/DAZL) (5-7), and the Drosophila DAZ homolog, boule (8), 
were identified. Phylogenetic analyses showed that boule is the ancestral member of the 
family (9) and is predicted to be present in most metazoans. Dazl resulted from 
duplication of boule in an early vertebrate ancestor about 450 million years ago (9). DAZ, 
the newest member of the family, arose from duplication of its autosomal homolog Dazl 
about 30 million years ago (9). The DAZ locus is on the Y chromosome, and is restricted 
to humans and Old World monkeys. Thus, in invertebrates, the DAZ family is currently 
represented only by boule, non-primate vertebrates contain both boule and Dazl, and 
humans and Old World monkeys possess boule, DAZL, and DAZ (9). 
 
Structurally, DAZ family members are characterized by a highly conserved RNA 
recognition motif (RRM) for binding of target mRNA, and a DAZ motif for binding of 
partner proteins. boule and Dazl have a single DAZ motif, whereas DAZ has multiple 
DAZ repeats in tandem (3). Functionally, members of the DAZ family are known to play 
important roles in both male and female germ cell development, although Boule, Dazl, 
and DAZ function at different stages of gametogenesis. boule appears to function in 
meiotic or post-meiotic germ cells. Disruption of boule in D. melanogaster results in 
male germ cell meiotic arrest at the G2/M transition, whereas female flies are unaffected 
(8). In C. elegans, loss of function of the boule ortholog daz1 causes sterility by blocking 
oocytes at the pachytene stage of meiosis I (10). Male boule knockout mice are not 
capable of spermatid maturation, and there is no effect on female gametogenesis (11).  
 
In contrast to boule, Dazl appears to have an earlier role in germ cell maintenance. 
Xenopus Xdazl is present in the germ plasm (12) and in the absence of functional 
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maternal Xdazl, primordial germ cells (PGCs) in tadpoles are specified, but fail to 
differentiate (13). In zebrafish, zDazl is expressed in germ plasm of oocytes, activates 
tudor domain containing protein 7 (tdrd7), and antagonizes miR-430, a microRNA that 
represses tdrd7 and dazl mRNAs in PGCs (14). In Dazl-deficient mice of mixed genetic 
background, Aaligned spermatogonia are unable to differentiate (15). In C57BL/6 mice 
Dazl is first expressed at E11.5 (16) and is essential for the survival of both male and 
female germ cells (17,18). In male Dazl null mice, PGCs are specified and reach the 
gonad, but by E15.5 show reduced expression of typical germ cell markers and undergo 
apoptosis (17). Thus, in vertebrates Dazl plays a role prior to meiosis. Finally, Y 
chromosome deletions spanning the DAZ gene are the best-known molecular cause of 
human male infertility (3,19), resulting in a range of male germline phenotypes from 
complete absence of germ cells to sperm maturation defects (3). 
 
Many years of work have led to a consensus with regard to when the functional 
divergence between meiotic boule and pre-meiotic Dazl/DAZ occurred (9,20-22). Based 
on the roles members of this family play across different phyla, it has long been assumed 
that vertebrate DAZ homologs acquired a pre-meiotic function following duplication of 
boule in a vertebrate ancestor. This hypothesis was proposed based on phylogenetic 
analysis of both gene families as well as the finding that more exon-intron splicing sites 
are shared between human BOULE and DAZL than between human BOULE and 
Drosophila boule. In addition, human BOULE and DAZL have an identical number of 
exons, suggesting a close relationship between vertebrate DAZ homologs (9). Based on 
studies performed in C. elegans and D. melanogaster, it was also thought that 
invertebrates only had a single representative of the DAZ family; however, it was 
recently shown that the flatworm Macrostomum ligano has three paralogs of boule 
(macbol1, macbol2, and macbol3) (21). RNA interference (RNAi) against macbol2 
yielded no detectable phenotypes, macbol1 RNAi resulted in accumulation of primary 
spermatocytes and degeneration of more differentiated cells of testes, and macbol3 was 
required for oocyte maturation and female fertility. This study raised several questions: 
Do other invertebrates have multiple DAZ family members? If so, do any of these 
invertebrate paralogs play a pre-meiotic role in germ cell development? Is the pre-meiotic 
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function of this protein family indeed derived, as currently hypothesized? We addressed 
these questions using the planarian Schmidtea mediterranea, a freshwater flatworm that 
has emerged as an important model for studying regeneration and germ cell biology (23-
29).  
 
 
3.3 Results and Discussion 	
S. mediterranea has two homologs of boule that perform different functions in 
spermatogenesis 
 
We identified two planarian boule homologs, boule1 and boule2, from the S. 
mediterranea genome database (30) based on the presence of highly conserved RRM and 
DAZ motifs characteristic of DAZ family members. To determine the spatial expression 
of these genes, we performed colorimetric in situ hybridization (ISH) on sexual adults 
(illustration Figure 3.1 A). Both boule1 and boule2 were expressed in male and female 
gonads (Figures 3.1 B, C, and 3.2). To determine which specific cells in the testes 
expressed these transcripts, we performed fluorescence in situ hybridization (FISH) 
followed by confocal imaging. boule1 and boule2 mRNAs were detected in 
spermatogonial stem cells (SSCs) (Figure 3.1 B, C, and 3.3), spermatogonia (Figure 3.3), 
and spermatocytes, to a lesser extent in spermatids, and were absent from mature sperm.  
 
SSCs of S. mediterranea give rise to spermatogonia, which undergo three rounds of 
mitosis with incomplete cytokinesis to generate cysts containing 8 primary 
spermatocytes. These meiotic spermatocytes generate 32 spermatids that mature into 
sperm (Figure 3.4 A) (25). We will refer to SSCs and spermatogonia as early male germ 
cells to distinguish them from the more differentiated meiotic and post-meiotic germ 
cells. We have previously identified markers for various stages of planarian 
spermatogenesis (Figure 3.4 A) (23,24,26,28). RNA ISH using these markers enables us 
to assess which cell population is affected following gene knockdown experiments. 
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To determine the roles of boule1 and boule2 in testes, we knocked them down by RNAi, 
and observed effects during homeostasis (in uninjured animals). In early stages of 
boule1(RNAi) (2 feedings, 4-5 days apart), tektin-1+ (tkn-1+)  primary spermatocytes (28) 
were absent (n=6/6, Figure 3.1 D). This spermatocyte loss was accompanied by a 
concomitant increase in the germinal Histone 4+ (gH4+) mitotic spermatogonial layer 
(23,24) (n=6/6, Figure 3.1 D). At this RNAi timepoint, boule1(RNAi) animals showed no 
discernable changes in the nanos+ SSC population (Figure 3.4 B). The protein kinase A+ 
(pka+) spermatid population is slightly reduced in boule1(RNAi) animals, possibly as a 
secondary effect of spermatocyte loss (Figure 3.4 B). In late stages of boule1(RNAi) (4 
feedings, 4-5 days apart), the testes contained expanded clusters of spermatogonia, with 
numbers of SSCs comparable to control animals; more mature, meiotic and post-meiotic 
male germ cells were absent (Figures 3.1 E, 3.4 C). 
 
By contrast, in early boule2 knockdown animals, there was a reduction in gH4+ 
spermatogonia (n=5/5, Figure 3.1 D), but tkn-1+ meiotic spermatocytes remained 
comparable to control animals (n=5/6, Figure 3.1 D). 50% of boule2(RNAi) animals 
(n=3/6) had no nanos+ SSCs (Figure 3.4 B); pka+ spermatids appeared unaffected in 
boule2(RNAi) animals at these early stages (Figure 3.4 B). We validated the specificity of 
the gene knockdowns to ensure that RNAi of either boule1 or boule2 did not directly 
affect the other paralog (Figure 3.5). To examine whether early germ cells were being 
lost at least in part due to apoptosis, we performed TUNEL staining on early 
boule2(RNAi) animals and found that these animals showed an increase in apoptosis 
compared to control or boule1(RNAi) animals (Figure 3.6). In late stages of 
boule2(RNAi), there was a complete loss of all male germ cells (Figure 3.1 E and 3.4 C).  
 
From our RNAi experiments, we conclude that boule1 is required for the maintenance 
and/or formation of meiotic male germ cells. The meiotic role of planarian boule1 is in 
agreement with known functions of boule orthologs in other systems. However, boule2 is 
required for the maintenance of pre-meiotic male germ cells, SSCs and spermatogonia, 
remarkably similar to the function of mouse Dazl (7,15,17). When boule2 expression is 
inhibited, the early germ cells appear to undergo increased apoptosis (Figure 3.6).  
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boule2 is required for the maintenance, but not specification, of early male germ 
cells  
 
In addition to their remarkable ability to regenerate all body parts and organ systems, 
planarians are capable of respecifying germ cells from amputated tissue fragments devoid 
of reproductive structures (24,25,29). Thus, like mammals, planarians can specify their 
germline via inductive signals. Within 2 weeks of regeneration, germ cells are 
respecified, as determined by the expression of nanos, the earliest known marker 
expressed in planarian germ cells (schematic in Figure 3.7 A) (24,29). We examined 
whether boule1 or boule2 is required for respecifying germ cells by knocking down the 
corresponding genes prior to amputation.  
 
We found that both boule1 and boule2 were dispensable for the regeneration of nanos+ 
SSCs (n=10/10 for both, Figure 3.7 B). As an additional control, we performed a parallel 
experiment with dmd1 (Figure 3.8 A), a gene previously shown to be required for SSC 
respecification (29). We confirmed gene knockdowns at 14 days post-amputation by 
quantitative real time-PCR (qRT-PCR) (Figure 3.8 B).  
 
To test whether boule1 or boule2 is required for the maintenance and differentiation of 
early germ cells post specification, we performed gene knockdowns on sexual hatchlings 
(<48 hours post-hatching) until they reached adulthood. At this stage of development, the 
male gonad of sexual planarians consists of small clusters of nanos+ SSCs and dmd1+ 
somatic gonadal cells, enabling us to examine the consequences of boule1 or boule2 loss 
on early male germ cells in the absence of more differentiated cells. When control 
animals reached adulthood after ~12 feedings of dsRNA, they exhibited robust 
spermatogenesis in all samples (n=14/14, Figure 3.7 C). SSCs in boule1(RNAi) animals 
are able to progress through mitosis and form clusters of spermatogonia, but are unable to 
produce meiotic and post-meiotic cells (n=13/13, Figure 3.7 C). boule2(RNAi) animals 
completely lack male germ cells (n=14/14, Figure 3.7 C). We also fixed the hatchlings 
after 2 and 4 feedings of dsRNA to further confirm that the two genes are required for 
early germ cell maintenance. We found that the knockdown phenotypes are similar to the 
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phenotype seen in sexually mature adults (Figure 3.8 C and D). Experiments on animals 
regenerating their reproductive system (29) also showed comparable results (Figure 3.9).  
 
Together, these experiments show that neither boule1 nor boule2 is necessary for the 
specification of male germ cells; however, the two genes perform distinct roles in male 
germ cells after they are specified. boule1 is required for meiotic progression, and boule2 
is required for the maintenance of the earliest male germ cells, nanos+ SSCs. Our 
observation that boule2 is not necessary for the specification of SSCs, but is required for 
the maintenance and differentiation of early male germ cells, is similar to the Dazl null 
phenotype seen in vertebrates (12,13,17), further lending support to the hypothesis that 
planarian boule2 and vertebrate Dazl perform similar functions.  
 
boule1 and boule2 are necessary for oogenesis 
 
We examined the role of boule1 and boule2 in the ovaries by carrying out gene 
knockdowns for different lengths of time and during different developmental stages. 
Following four dsRNA feedings (spaced 4-5 days apart), ovaries of boule1(RNAi) and 
boule2(RNAi) animals appeared comparable to controls (n=6/6 for all samples, Figure 
3.10 A). However, following prolonged gene knockdown (10 feedings over a period of 
approximately 2 months), both boule1(RNAi) (n=4/4) and boule2(RNAi) (n=6/6) animals 
lacked oocytes, while early female germ cells (labeled with gH4) were still present 
(Figure 3.10 B). Similarly, when sexual hatchlings were fed dsRNA over a period of 2 
months, the animals lacked mature oocytes, but gH4+ female germ cells were present 
(n=4/4 for all samples, Figure 3.10 C). The dual role of planarian boule genes in both 
testes and ovaries is especially interesting since, with the exception of DAZL, other 
members of the DAZ family (boule orthologs in various systems and DAZ) appear 
restricted in function exclusively to the male or the female germline.  
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Homologs of vertebrate DAZ-associated proteins are expressed and function in the 
testes of S. mediterranea  
 
Yeast two-hybrid screens and other in vitro studies (31-34) have identified several 
potential DAZ/DAZL-interacting partners using human DAZ as bait. Homologs of these 
genes have not been described in C. elegans and D. melanogaster, which only possess 
meiotic boule (see Methods). To further investigate the functions of these DAZ/DAZL 
interacting partners, we sought to identify planarian homologs of DAZ-binding partners.  
 
Using BLAST similarity search, we identified planarian homologs of putative 
DAZ/DAZ- interacting partners – DAZAP1, DAZAP2, and DZIP (Smed-iguana) – and 
found that these genes were expressed in the testes (Figure 3.11 A). To determine the role 
of these genes in spermatogenesis, we performed RNAi during homeostasis (in sexually 
mature adults), during development (in hatchlings), as well as in sexually immature 
regenerates (animals fed dsRNA 3 times, amputated pre-pharyngeally to induce 
regression of testes, and refed dsRNA during regeneration). DAZAP1(RNAi) animals lack 
elongated spermatids and mature sperm while other male germ cells appear intact in all 
three experimental conditions (n=6/6 for all, Figure 3.11 C, Figure 3.12 C, E and F, Table 
S1). Therefore, similar to DAZAP1 knockout mice, which lack mature male gametes (35), 
DAZAP1 is required for spermiogenesis. 
 
DAZAP2 did not have a germ cell RNAi phenotype in sexually mature adults (Figure 
3.12 A, B) or hatchlings (Table 3.1). However, regeneration experiments revealed that 
DAZAP2(RNAi) regenerates either lacked testes (n=2/6), or had regressed testis lobes 
containing only SSCs and spermatogonia (n=4/6) (Figure 3.11 E and F). Understanding 
this regeneration-specific role of DAZAP2 in male germ cells requires further 
investigation. DAZAP1 and DAZAP2 are not required for respecification of nanos+ SSCs 
(Table 3.1).  
 
The planarian DZIP gene, known as Smed-iguana, has previously been shown to be 
required for ciliogenesis in asexual planarians (36). Regenerating iguana(RNAi) asexuals 
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are able to produce normal blastemas, but do not form ciliated epidermis (leading to 
defects in cilia-driven locomotion) or ciliated protonephridia (resulting in bloating and 
blistering defects due to disrupted osmoregulatory function) (36). iguana(RNAi) in the 
sexual strain leads to bloating defects similar to the asexual strain (Table 3.1). 
Furthermore, we observe spermiogenesis defects in iguana(RNAi) animals (Figure 3.11 D 
and SI appendix, S8D). Sexually immature iguana(RNAi) regenerates undergo lysis 
during regeneration (Table 3.1) in addition to showing defects in the male gonad. This 
lysis phenotype was not reported in asexual planarians; differences in our observations 
may be explained by differences in dsRNA-treatment regimes. 
 
Planarian DAZAP1, DAZAP2, and iguana play a role in spermatogenesis, but the 
knockdown of these genes does not phenocopy boule1 or boule2 (RNAi), in that these 
genes appear to be required for later stages of germ cell maturation. Several possibilities 
may explain this finding. Since there are multiple DAZ binding partners, knockdown of 
one factor alone may not be sufficient to recapitulate the boule1/2(RNAi) phenotype. 
iguana could have a pleiotropic effect as it is also required for regeneration. 
Alternatively, boule1 and boule2 may play a role in post-meiotic spermatid elongation 
and maturation (similar to DAZAP1 and iguana), but the rapid loss of meiotic and pre-
meiotic germ cells may not allow us to observe these possible secondary, less obvious 
effects. It is also possible that the gonadal function of these putative binding partners is 
independent of boule1 or boule2. Together, our data support roles for planarian DAZAP1, 
DAZAP2 and iguana in the male germ cell differentiation (Table 3.1).  
 
Other broadly conserved DAZ family interacting partners, such as Pumilio and Poly (A) 
Binding Protein (PABP) (34,37,38) are also enriched in planarian testes. pumilio(RNAi) is 
lethal, consistent with a similar observation in the planarian Dugesia japonica (39), and 
specific germ cell defects were not detected prior to death (Table 3.1). Knockdown of 
planarian PABPC has been described previously (26), and is remarkably similar to the 
boule1(RNAi) phenotype in that meiotic and post-meiotic male germ cells are lost with a 
concomitant accumulation of spermatogonia. The identification of these homologs of 
vertebrate DAZ-associated proteins in S. mediterranea is promising as it allows 
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functional studies of these genes and other putative DAZ-associated proteins in a 
tractable invertebrate model system. 
 
Knockdown of putative planarian DAZ family targets phenocopies boule2(RNAi) 
 
Several in vitro studies have identified presumptive mRNA targets for the DAZ protein 
family, but to what extent these targets overlap between different orthologs (Boule, Dazl, 
and DAZ) is uncertain (40-44). We identified and cloned a number of planarian 
homologs of putative DAZ family targets (Figure 3.13 A and 3.14 A, Table 3.2), and we 
will focus on the putative targets with germ cell RNAi phenotypes. 
 
SDAD1, a homolog of the yeast gene severe depolymerization of actin, is a putative target 
of human DAZL and PUMILIO 2 (44). A function for SDAD1 in spermatogenesis has 
not been reported previously. By ISH, we find that Smed-SDAD1 was detected in the 
testes as well as soma (Figure 3.13 A). RNAi experiments showed that SDAD1 is 
required for maintenance of SSCs (n=3/6) and spermatogonia (n=6/6), similar to 
boule2(RNAi) (Figure 3.13 C and 3.14 C). SDAD1(RNAi) animals undergo lysis upon 
continued knockdown or when amputated (Table 3.2), indicating a possible somatic 
function, and precluding the possibility of testing if SDAD1 is necessary for specification 
of early germ cells.  
 
The CDC25 homolog twine is a known target of Boule in D. melanogaster (40). Two of 
the planarian homologs of CDC25 (a somatic planarian CDC25 homolog has been 
described previously (45) and will not be discussed here), designated CDC25-1 and 
CDC25-2, were expressed in testes (Figure 3.13 A). Interestingly, following three 
feedings of CDC25-1 or CDC25-2 dsRNA in adults, animals showed defects similar to 
boule2(RNAi): the spermatogonial layer was reduced, whereas the spermatocyte layer 
appeared intact (n=6/6 for both knockdowns, Figure 3.13 D and E). The numbers of SSCs 
and spermatids were largely unaffected at the initial stages of knockdown (Figure 3.14 D 
and E); at later stages, all male germ cells were absent (Figure 3.13 F and Table 3.2). We 
next tested the requirement of CDC25-1 and CDC25-2 for specification and maintenance 
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of early germ cells in sexual regenerates. CDC25-1(RNAi) animals do not regenerate, and 
undergo lysis, but there are no male germ cells present in regenerates before lysis (Table 
3.2). CDC25-2(RNAi) sexual regenerates phenocopy boule2(RNAi) regenerates – these 
animals respecify their SSCs (n=9/9, Table 3.2), but cannot maintain early germ cell 
clusters (n=6/6, Figure 3.14 F and G). The in vitro prediction that these are DAZ family 
mRNA targets in mammals, combined with the similarity of RNAi phenotypes between 
these putative targets and boule2 makes these genes strong candidates for transcripts 
regulated by planarian Boule2. 
 
Pre-meiotic functions of the DAZ family evolved independently in planarians and 
vertebrates  
 
Vertebrate Dazl, which plays a pre-meiotic role in germ cells, arose either during 
vertebrate evolution, or was present in a last common bilaterian ancestor and was 
subsequently lost in some invertebrates. Based on the presence of a single DAZ family 
representative, boule, in both C. elegans and D. melanogaster, phylogenetic analyses, and 
comparison of gene structure and intron/exon counts, it has been proposed that Dazl arose 
through duplication of boule in the vertebrate stem-lineage (9). Our identification of 
multiple paralogs of boule in an invertebrate model system, combined with the pre-
meiotic germ cell function for one of these paralogs, provides us with valuable tools for 
testing this hypothesis in a phylogenetic context. 
 
We obtained multiple Boule sequences from diverse animal phyla (accession numbers in 
Table 3.3, Figure 3.16 A), placing special focus on invertebrates with multiple annotated 
Boule homologs. We performed both Maximum Likelihood (46) and Bayesian Inference 
(47) analyses and found that S. mediterranea Boule paralogs were recovered in a clade 
formed by other platyhelminth Boule orthologs (Figure 3.15). The short patristic distance 
between S. mediterranea paralogs suggests lineage-specific differentiation of pre-meiotic 
and meiotic functions of DAZ family members in flatworms and vertebrates. When we 
enforced a topological constraint to render a single origin of pre-meiotic Boule function, 
forcing monophyly of planarian Boule2 and vertebrate Dazl/DAZ clade, the constrained 
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tree is significantly less likely than the optimal Maximum Likelihood tree (see Methods). 
The phylogenetic distance between S. mediterranea Boule paralogs and their vertebrate 
orthologs supports a scenario of independent origins of pre-meiotic DAZ family members 
in planarians and vertebrates.  
 
To infer whether the pre-meiotic planarian Boule had diverged from its ancestral 
sequence (an independent test of neo-functionalization (48,49)), we examined the ratio of  
branch lengths (sequence divergences) of pre-meiotic and meiotic DAZ family members 
in two planarians and three vertebrates, with branch lengths drawn from the Bayesian 
post-burnin tree set (Figure 3.16 B). For both S. mediterranea and the vertebrates, the 
distributions of ratios of pre-meiotic paralog branch lengths to meiotic paralog branch 
lengths were highly comparable, in contrast to the ratio distribution for the Boule proteins 
of Macrostomum ligano. This result is consistent with neofunctionalization of planarian 
and vertebrate pre-meiotic Boule derivatives. 
 
boule, Dazl, and DAZ play crucial and conserved roles in gametogenesis across the 
animal kingdom (Figure 3.17). However, there is considerable phenotypic diversity 
caused by defects in the DAZ family of proteins, and our present study adds another 
dimension to the understanding of these genes. Our study also raises many interesting 
questions. For instance, have vertebrate DAZ-associated proteins evolved independently 
in planarians, or have they been lost in Ecdysozoans such as C. elegans and D. 
melanogaster, especially in light of the finding that a DAZAP-like protein has been 
described in the flatworm Dugesia japonica (50)? Another interesting question is why 
some invertebrates have multiple boule homologs and others do not. Functional and 
phylogenetic studies of boule genes in Hydra vulgaris, Nematostella vectensis, and 
Hofstenia miamia, will open the field to further address these questions, and will help 
illuminate the entire range of functions of the DAZ protein family.  
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3.4 Materials and methods 
 
Planarian Culture 
Sexual planarians were maintained in 0.75X Montjuïc salts at 18°C (24). Animals were 
fed organic calf liver and starved for one week before use.  
 
Identification and cloning of boule homologs, putative binding partners, and targets 
Planarian boule homologs were identified by the presence of RNA recognition motif 
(RRM) and DAZ motif and cloned into pJC53.2 (51). Full-length sequences for boule1 
and boule2 were obtained from PlanMine v1.0 (52). Planarian homologs of putative 
binding partners and targets were identified from the Smed genome database based on 
sequence similarity to human counterparts. More specifically, the amino acid sequence of 
human/vertebrate DAZ-associated proteins and targets was obtained from NCBI and 
tblastn analysis was done in PlanMine v1.0. The top genes obtained from this search were 
subjected to a reciprocal blastp against NCBI protein databases to ensure that the 
planarian gene was indeed a homolog of the human ortholog. BLAST analysis comparing 
human DAZAP1 to FlyBase and WormBase revealed a heterogeneous nuclear 
ribonucleoprotein, the reciprocal protein blast of which to NCBI protein databases did not 
yield DAZAP1 as the highest hit. No sequences corresponding to DAZAP2 and 
DZIP/iguana were found. Cloning primers are in Table S4.  
 
Double-stranded RNA synthesis and RNA interference  
cDNA corresponding to boule1 and boule2 cloned in pJC53.2 (27) were used as template 
to generate dsRNA by in vitro transcription. 20 µl IVT reaction contains 2 µl 10 × high 
yield transcription buffer (0.4 M Tris pH 8.0, 0.1 M MgCl2, 20 mM spermidine, 0.1 M 
DTT), 5 µl 25 mM rNTPs (Promega), 1 µl T7 polymerase, 1 µl thermostable inorganic 
pyrophosphatase (TIPP, 2000 U/ml) (New England Biolabs), 0.5 µl recombinant 
ribonuclease inhibitor (RNasin, 2500 U/ml) (Promega) and 0.5–2.5 µg of PCR product). 
Reactions were incubated at 37°C overnight, then treated with 1 µl of RQ1 RNase-free 
DNase (Fisher Scientific) for 20 min at room temperature. Each reaction was brought up 
to 100 µl, followed by denaturating and annealing at the following temperatures: 95°C (3 
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min), 75°C (3 min), 50°C (3 min) and room temperature (5 min). dsRNA was cleaned up 
by ammonium acetate precipitation (2.5 M final concentration of ammonium acetate, plus 
two volumes of 100% ethanol). 0.4–1 µg dsRNA was mixed with 10 µl of 3:1 
liver:Montjuïc salts mix. Control animals were fed dsRNA synthesized from a non-
planarian gene inserted in pJC53.2. 
 
Riboprobe synthesis  
boule1 and boule2 cDNA cloned in pJC53.2 (27) were used as templates to generate 
riboprobes. Each 20 µl reaction contained 2 µl 10 × high yield transcription buffer (0.4 M 
Tris pH 8.0, 0.1 M MgCl2, 20 mM spermidine, 0.1 M DTT), 1 µl 10/6 mM rNTPs (CTP, 
ATP and GTP 10 mM final, UTP 6 mM final) (Promega), 0.4 ul of Digoxigenin-12-UTP 
(Roche), 0.6 µl recombinant ribonuclease inhibitor (RNasin, 2500 U/ml) (Promega), 2 µl 
of SP6/T3 RNA polymerase, and 0.5–2.5 µg of PCR product. Riboprobes were 
synthesized for 4–5 h at 37°C, treated with 1 µl of RQ1 RNase-free DNase (Fisher 
Scientific) for 20 min at room temperature, and precipitated with ammonium acetate and 
ethanol (2.5 M final concentration of ammonium acetate, plus two volumes of 100% 
EtOH).  
 
In situ hybridization 
For colorimetric in situ hybridization (ISH) and fluorescent in situ hybridization (FISH), 
animals were killed with 10% N-acetyl cysteine (Sigma-Aldrich, St. Louis, MO), for 7.5 
minutes, and then fixed in 4% formaldehyde in PBSTx (1X PBS+0.3% Triton X-100) for 
20 minutes at room temperature. Animals were dehydrated in 50% followed by 100% 
Methanol and stored in –20 °C until use. Animals were rehydrated in increasing 
concentrations of PBSTx, and bleached in freshly prepared Formamide bleaching 
solution (5% non-ionized Formamide, 0.5X SSC, and 1.2% H2O2) for 3 hours. After 
bleaching, animals were treated with Proteinase K solution (100 µl of 10% SDS and 5 µl 
of 20 mg/ml Proteinase K (Invitrogen) in 9.9 ml of PBSTx) and post-fixed in 4% 
Formaldehyde. Following washes to remove the fixative, hybridization was carried out at 
56°C for 16 hours at a riboprobe concentration of 0.1-0.5 ng/ul. After post-hybridization 
washes, samples were blocked in Blocking solution (5% horse serum and 0.5% Roche 
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Western Blocking Reagent in MABT). Samples were incubated in primary antibody 
(anti-digoxigenin alkaline phosphatase (Roche) 1:1000, or anti-digoxigenin peroxidase 
(Roche) 1:1000) overnight at 12°C. For FISH, DAPI was added to the primary antibody 
solution (1:10,000 of 10 mg/ml stock). Samples were washed in MABT (100 mM Maleic 
acid, 150 mM NaCl, 0.1% Tween-20, pH 7.5). Colorimetric development was carried out 
in AP buffer (100 mM Tris, pH 9.5; 100 mM NaCl; 50 mM MgCl2, 0.1% Tween-20 
brought up to volume with 10% polyvinylalcohol (Sigma)) containing 4.5 µl/ml NBT and 
3.5 µl/ml BCIP (Roche). For FISH, development was done in freshly made Tyramide 
solution (Fluor-tyramide (1:250-1:500), 4-IPBA (1:1000), and H2O2 (0.003%) in TSA 
buffer (2 M NaCl, 0.1 M Boric acid, pH 8.5). 4-IPBA is 20 mg/ml of 4-
iodophenylboronic acid in dimethylformamide (DMF) stored at –20 °C. Samples were 
washed 6-8 times (~20 minutes each wash) in TNTx  (53). 
 
TUNEL on sections 
After two dsRNA feedings planarians were starved for a week and treated with 10% N-
acetyl-L-cysteine for 7.5 minutes and fixed in 4% formaldedyde in PBSTx (0.3% Triton 
X-100) for 20 minutes at room temperature. Cryosectioning was done to generate 15-20 
µm sections. Sections were rehydrated and treated with pre-chilled ethanol:acetic acid 
(2:1) at –20 °C for 5 minutes. The slides were rinsed twice in DI water and equilibrated 
in equilibration buffer (100 mM Tris-HCl pH 7.5 + 1 mg/ml IgG-free BSA). Slides were 
covered with TdT solution (0.5 µl NEB TdT (Cat. No. M0252L), 2 µl NEB buffer 4, 2 µl 
2.5 mM CoCl2, 0.8 µl 1:50 DIG-dUTP in dATP, 14.7 µl water) and incubated at 37 °C in 
a dark humidified chamber for 1 hour. After rinsing 3X with PBSTx, the sections were 
blocked with 5% Horse Serum (Sigma H1138) in PBSTx for 2 hours. Block was replaced 
with 1:1000 anti-DIG-POD (Roche 11207733910) diluted in block solution. DAPI (1 
µg/ml) was added at this step. Sections were covered with coverslips and incubated for 
overnight at 4 °C. Slides were rinsed in PBSTx and signal was revealed using TAMRA-
tyramide. Slides were rinsed in PBSTx and mounted in Vectashield (54,55). 
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Imaging 
Colorimetric in situ samples were were mounted in 80% glycerol and images were 
captured with a Leica DFC420 camera mounted on a Leica M205A stereomicroscope 
(Leica, Wetzlar, Germany). Whole-mount FISH samples were mounted in Vectashield 
(Vector Laboratories, Burlingame, CA) and imaged on a Zeiss Stereo Lumar V12 (Carl 
Zeiss, Germany). For confocal imaging, FISH samples were mounted in Vectashield and 
images were obtained on a Zeiss LSM 710 confocal microscope (Carl Zeiss). Images 
were processed (cropping, brightness and contrast adjustments to entire image) using 
Adobe Photoshop CS4/CS5 and/or Zen 2008/9/11. 
Quantitative real-time PCR 
Total RNA was extracted using TRIzol (Invitrogen) according to manufacturer’s 
instructions, DNase (Fisher Scientific) treated and cleaned using an RNA clean up kit 
(Zymo) before reverse transcription (iScript, Bio-Rad). Prior to RNA extraction, animals 
were starved for 7 days after the last RNAi feeding to ensure that any remnant dsRNA 
was cleared from the system. qRT-PCR was performed using GoTaq qPCR master mix 
(Promega) using Applied Biosystems StepOne Plus RT-PCR system. All experiments 
were done in biological and technical triplicates. Transcript levels were normalized to β-
tubulin. Relative mRNA levels were calculated using ΔΔCT. All primers are listed in 
Table 3.4.		
Multiple sequence alignment and phylogenetic analysis	
Peptide sequences of the RNA Recognition Motif (RRM) of 46 Boule, Dazl, and DAZ 
sequences (accession numbers in Table S3) were aligned using MUSCLE v. 3.8 (56) with 
default alignment parameters. HRP1 of Saccharomyces cerevisiae was used as an 
outgroup. The sequence alignment is provided as SI appendix, Fig. S10A. Tree 
topologies were inferred using Maximum Likelihood (ML) and Bayesian inference (BI).  
ML analysis was done using RAxML, 100 independent searches, 500 bootstraps, using 
LG+Gamma model of evolution (46). BI analysis was done using MrBayes v. 3.2(47). 
Four runs, each with four chains and a default distribution of chain temperatures, were 
run for 2 ´ 106 generations, with sampling every 2000th iteration. A mixed+I+G model 
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(57) was implemented, following model selection with ProtTest v.3 (58). Convergence 
was independently assessed using average split frequency and with Tracer v. 1.6 (59). As 
a conservative treatment, 5 ´ 105 generations (25%) were discarded as burnin. 	
Likelihood ratio tests 
We assessed the strength of phylogenetic evidence for independent origins of pre-meiotic 
boule paralogs in vertebrates and the planarian using Shimodaira–Hasegawa (60) and 
Approximately Unbiased (61) tests in RAxML v. 7.7.5 (46).  We enforced a topological 
constraint to render a single origin of pre-meiotic boule function, and compared the 
resulting tree topology to our unconstrained maximum likelihood tree. We computed per-
site log likelihood values using the –f g command in RAxML v. 7.7.5. The resulting 
likelihoods were analyzed using CONSEL v. 0.1i (62). using 10,000 bootstrap replicates 
to conduct the tests of monophyly. 
3.5 Author contributions 
Planarian experiments performed in this chapter were performed by me. Phylogenetic 
analyses performed in this chapter were performed by our collaborators, Prashant Sharma 
and Cassandra Extavour. 
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3.6 Figures and Tables 
Figure 3.1. Planarian boule1 and boule2 perform different functions in spermatogenesis. (A) 
Illustration of sexual planarian depicting the positions of reproductive structures. Ovaries are in red, testes 
are in blue, and germline stem cells are in green. (B, C) Colorimetric in situ hybridization (ISH) showing 
boule1 and boule2 mRNA expression in the testes. Scale bars, 1mm. Fluorescence in situ hybridization 
(FISH) detects boule1 and boule2 expression in SSCs, spermatogonia, and spermatocytes. Scale bars, 50 
µm. Co-expression of boule transcripts with nanos+ spermatogonial stem cells is shown. (D) Animals fixed 
following 2 feedings of dsRNA spaced 4-5 days apart. Control-, boule1-, boule2- (RNAi) animals labeled 
with germinal histone-4 (gH4) in magenta to detect mitotic spermatogonia and tektin-1 (tkn-1) in cyan to 
mark meiotic spermatocytes. boule1(RNAi) animals show absence of meiotic labeling, but expansion of 
spermatogonia. The spermatogonial layer is reduced in boule2(RNAi) animals, whereas the spermatocyte 
population is comparable to controls. (E) Animals fixed following 4 feedings of dsRNA spaced 4-5 days 
apart.  boule1(RNAi) testes contain clusters of SSCs and spermatogonia; meiotic and post-meiotic male 
germ cells are absent. boule2(RNAi) animals show a loss of all male germ cells. The remaining gH4 label 
coincides with neoblasts (somatic stem cells). Left panels in (D) and (E) show whole-mount images. Scale 
bars, 1mm. Middle and right panels in (D) and (E) show high magnification view of testis lobes. Scale bars, 
50 µm. 
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Figure 3.2. Planarian boule homologs are expressed in the ovaries. Colorimetric in situ hybridization 
for boule1 and boule2 showing expression in the female reproductive system. boule1 expression was seen 
in the ovaries of some animals (n=3/8) and possible boule2 expression was detected in the ventral portion 
of the animals (n=7/7), where the ovaries are located. Scale bars, 100 µm. 
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Figure 3.3. boule1 and boule2 are expressed in spermatogonial stem cells (SSCs) and spermatogonia 
in the male germline. Double fluorescence in situ hybridization (FISH) showing (A) boule1 and (B) 
boule2 coexpressed with nanos, which labels SSCs. Scale bars, 50 µm. Magnified sections showing 
colocalization of (A’) boule1 and (B’) boule2 with nanos (arrows). nanos+ cells show lower intensity of 
boule1 signal than the surrounding spermatogonia. Scale bars, 10 µm. (C) boule1 and (D) boule2 are 
coexpressed with germinal histone H4 (gH4) transcript in the male gonads. gH4 labels SSCs and 
spermatogonia in the male germline. Scale bars, 50 µm. 
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Figure 3.4. Effect of boule1 or boule2 RNAi on SSCs and spermatids (A) Distinct stages of planarian 
spermatogenesis and labels for individual testis cell types. nanos and germinal histone H4 (in magenta) 
label SSCs and spermatogonia, respectively. tektin-1 and protein kinase A (in cyan) label spermatocytes 
and spermatids respectively. (B) Following 2 feedings of boule1 and boule2 dsRNA (intermediate 
knockdown), boule1(RNAi) animals have SSCs (labeled by nanos) similar to controls (n=6/6). Half (n=3/6) 
the boule2(RNAi) animals show nanos expression and the remaining 3 animals have no nanos+ SSCs. The 
spermatid population, labeled with pka, is slightly reduced in boule1(RNAi) animals, and the gH4+ 
spermatogonial population is expanded (n=5/5). boule2(RNAi) animals show pka labeling comparable to 
controls (n=6/6). (C) At later stages, following 4 feedings of dsRNA boule1(RNAi) animals have testes 
with clusters of SSCs and spermatogonia, and animals lack meiotic and postmeiotic cells (n=5/5). 
boule2(RNAi) animals show a complete loss of all male germ cells (n=6/6). Scale bars, 50 µm. 
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Figure 3.5. Demonstration of boule1 or boule2 RNAi specificity. (A) Alignment of boule1 and boule2 
nucleotide sequences showing no significant similarity between the sequences. (B) and (C) show qRT-PCR 
validation of boule1 or boule2 knockdown following a single dsRNA feeding. (B) Following boule1(RNAi) 
there is an increase in boule2 transcript, most likely due to accumulation of spermatogonia, in which boule2 
is expressed. (C) The levels of boule1 transcript are similar to controls in boule2(RNAi) animals. Two-
tailed unpaired t-test with Welch’s correction was performed for all samples, P<0.05. (D) FISH for boule1 
or boule2 was performed following 2 dsRNA feedings of either gene. Our experiments show that the 
knockdown of either boule1 or boule2 does not affect the expression of the other paralog. Scale bars, 50 
µm. 
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Figure 3.6. boule2(RNAi) animals show increased apoptosis. TUNEL was performed on cryosections 
following 2 feedings of boule1 or boule2 dsRNA. (A) boule2(RNAi) animals show a greater number of 
TUNEL+ cells in the testes compared to control and boule1 knockdown animals. Scatter plot shows mean 
with standard deviation. One-way ANOVA was performed using Dunnett’s multiple comparisons test to 
determine significance at 95% confidence interval. (B) Representative images showing TUNEL+ cells 
(arrows) in boule2(RNAi) animals. Scale bars, 20 µm. 
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Figure 3.7. boule2 is required for maintenance of early male germ cells but not required for 
respecification of SSCs. (A) Experimental scheme for testing the requirement of a gene for de novo 
respecification of SSCs. Animals are fed control/boule1/boule2 dsRNA 3 times, and amputated anterior to 
the ovaries. Head fragments, lacking reproductive structures, are allowed to regenerate. Tail fragments are 
also maintained for knockdown validation. At 14 days following amputation, head fragments are fixed for 
nanos in situ hybridization, and RNA is extracted from the tail fragment to ensure that test mRNA levels 
are reduced. nanos labels planarian SSCs. (B) Control (RNAi), boule1(RNAi), and boule2(RNAi) animals 
all show respecification of nanos+ SSCs. Scale bars, 100 µm. (C) Sexual hatchlings (<48 hours old) are fed 
liver containing dsRNA until control animals are sexually mature (~10-12 feedings over approximately 2 
months). SSCs in control(RNAi) differentiate and form mature testes. boule1(RNAi) animals have testis 
lobes with only SSCs (nanos+) and spermatogonia (gH4+). boule2(RNAi) animals lack male germ cells; 
remanent gH4 signal is due to neoblasts. Scale bars, 50 µm. 
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Figure 3.8. Validation of boule1 and boule2 gene knockdowns in regenerates and hatchlings (A) 
dmd1(RNAi) head fragments do not respecify their SSCs 14 days post amputation (n=4/4). Scale bars, 100 
µm. (B) qRT-PCR for samples corresponding to Figures 2A and B. Relative mRNA levels of boule1 and 
boule2 are low after 14 days of regeneration. Error bars represent 95% confidence intervals calculated 
based on standard error of the mean. Two-tailed unpaired t-test with Welch’s correction was performed for 
all samples, P<0.05. (C,D) Knockdown phenotype of boule1 or boule2 in sexual hatchlings (<48 hours old) 
is similar to the RNAi phenotype in adults. (C) Following two feedings of boule1 dsRNA, nanos and gH4 
expression appears comparable to control animals (n=6/6). Some boule2(RNAi) animals (n=2/6) show 
absence of male germ cells, and the remaining animals (n=4/6) show very small testis lobes with both 
nanos+ and gH4+ germ cells. (D) After 4 feedings of boule1 dsRNA, animals show accumulation of 
spermatogonia compared to controls, and boule2(RNAi) animals lack all male germ cells. Scale bars, 50 
µm.   
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Figure 3.9. Assay for determining the role of boule1 and boule2 in male germline regeneration and 
differentiation. (A) Experimental schematic. When planarians are amputated posterior to their ovaries, the 
resulting tail fragments regress their testes approximately 7 days post-amputation, and contain clusters of 
early, undifferentiated male germ cells. Tail regenerates were fed boule1 or boule2 dsRNA (4 feedings, 4-5 
days apart) after amputation and testes regression. (B) Testes were restored in control regenerates (n=6/6). 
boule1(RNAi) regenerates had small testis lobes containing only SSCs and spermatogonia (n=5/6). By 
contrast, in boule2(RNAi) regenerates, all the male germ cells were absent (n=6/6). (C) qRT-PCR 
validation. Amputated animals at the beginning of RNAi show low levels of tkn-1 (spermatocytes) and pka 
(spermatids). Error bars represent 95% confidence intervals calculated based on standard error of the mean. 
Two-tailed unpaired t-test with Welch’s correction was performed for all samples, P<0.05.  
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Figure 3.10. Planarian boule genes play a role in the female reproductive system. (A) Following 4 
feedings of dsRNA, boule1(RNAi) and boule2(RNAi) female gonads appear similar to controls. Oocytes are 
marked using Contig2621 (26), and gH4 labels early female germ cells.  (B) Following 10 feedings of 
dsRNA, boule1(RNAi) and boule2(RNAi) show gH4 expression, but lack oocytes. (C) A similar absence of 
differentiated female germ cells was seen when sexual hatchlings were fed dsRNA over a period of 2 
months. Dashed circles outline the ovaries. Scale bars, 50 µm.  
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Figure 3.11. Homologs of vertebrate DAZ-associated proteins are expressed and function in the testes 
of S. mediterranea. (A) DAZAP1, DAZAP2, and DZIP (Smed-iguana) transcripts are detected in the testes 
by ISH. Scale bars, 1 mm. (B) Adults fed control dsRNA in homeostasis show robust spermiogenesis. Thin, 
threadlike nuclei of mature sperm in the lumen of testis lobes are labeled with DAPI (marked by red 
asterisk). Both (C) DAZAP1(RNAi) and (D) iguana(RNAi) animals lack mature sperm, while showing 
spermatogonia and spermatocytes similar to control (RNAi) animals. (E) Sexually immature regenerates 
fed control dsRNA regenerate their testes, whereas (F) DAZAP2 dsRNA-fed regenerates show small testes 
containing only SSCs and spermatogonia. Scale bars, 50 µm. 
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Figure 3.12. Additional experiments with putative planarian DAZ family-associated proteins. (A) 
Control (RNAi) animals show the expression of all four germ cell markers. (B) DAZAP2 is not required for 
the maintenance of the male germ cells in homeostasis (n=6/6). (C) DAZAP1(RNAi) and (D) iguana(RNAi) 
in homeostasis results in no change in SSC (nanos+) population and an accumulation of rounded spermatids 
(pka+) population (n=6/6 for both). (E-F) DAZAP1(RNAi) in sexually immature regenerates corroborates 
the gene’s homeostasis phenotype, with animals showing no mature sperm (n=4/6). iguana(RNAi) animals 
undergo lysis upon amputation (n=6/6, Table S1). Scale bars, 50 µm. 
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Figure 3.13. Knockdown of putative DAZ family targets phenocopies boule2(RNAi). (A) SDAD1, 
CDC25-1, and CDC25-2 are expressed in planarian testes. Scale bars, 1mm. (B-E) Animals fed Control, 
SDAD1, CDC25-1, and CDC25-2 dsRNA (3 feedings spaced 4-5 days apart) labeled with gH4 and tkn-1. 
Similar to boule2(RNAi), RNAi knockdown of these putative targets results in animals having fewer 
spermatogonia, and the spermatocyte layer remains intact. Continued SDAD1(RNAi) and CDC25-1(RNAi) 
results in lysis, whereas (F) CDC25-2(RNAi) animals lose all male germ cells over time. Scale bars, 50 µm. 
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Figure 3.14. Additional experiments on putative planarian DAZ family targets. (A) Planarian 
homologs of DAZ/DAZL targets are expressed in the male germline. Scale bars, 1mm. (B-D) 
SDAD1(RNAi), CDC25-1(RNAi) and CDC25-2(RNAi) have SSCs (nanos) and spermatids (pka) (n=6/6 for 
all except SDAD1) at early stages of knockdown. Half (n=3/6) of SDAD1(RNAi) animals show no nanos 
labeling. CDC25-1 knockdown results in enlarged SSCs possibly due to defects in cytokinesis (see insets in 
B and D). Sexually immature regenerates fed (E) control dsRNA regenerate their testes, whereas (F) in the 
absence of CDC25-2, regenerates cannot maintain the early male germ cells, similar to boule2(RNAi) 
animals (n=6/6). SDAD1(RNAi) and CDC25-1(RNAi) animals undergo lysis upon amputation (n=6/6 for 
both, Table S2). Scale bars, 50 µm; inset scale bars, 10 µm. 
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Figure 3.15. Phylogenetic analysis reveals independent origins of planarian Boule2 and vertebrate 
Dazl. Phylogenetic tree topology of DAZ gene family from Maximum Likelihood (ML) and Bayesian 
Inference (BI) analysis. Numbers above nodes indicate ML bootstrap resampling frequencies (500 
replicates). Numbers below nodes indicate Bayesian posterior probability values. 
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Figure 3.16. Phylogenetic analyses of the DAZ family (A) Alignment of Boule, DAZL, and DAZ RRMs. 
(B) Branch length ratios of pre-meiotic (Smed-Boule2 or Dazl) to meiotic (Smed-Boule1 or vertebrate 
Boule) terminal edge lengths in planarians and vertebrates. Note the markedly similar distribution of 
paralog branch length ratios in species with neofunctionalized Boule derivatives. 
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Figure 3.17. Summary of DAZ family functions in planarians and other systems. The central panel 
shows different stages of spermatogenesis. The upper panel depicts the known functions of the DAZ family 
in male germ cell development in other systems. The lower panel summarizes the functions of planarian 
boule genes, their putative associated proteins, and targets. 
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Table 3.1. Experimental details for planarian homologs of DAZ-associated proteins
Associated protein 
name
Required for 
regeneration
Expressed in 
male germ cells?
Germ cell RNAi phenotype 
in adult sexually mature 
worms
Germ cell RNAi 
phenotype in 
hatchlings
Required for de 
novo  specification 
of germ cells?
RNAi phenotype in 
sexually immature 
regenerates
DAZAP2 No Yes No phenotype No phenotype No
Small testes with only 
SSCs and 
spermatogonia
DAZAP1+2 No - No mature sperm Not tested Not tested Not tested
pumilio Yes Yes Small testes, no loss of 
specific cell type marker
Not tested Lysis
Lysis, no testes in 
remaining fragments
DZIP/Smed-iguana
No mature spermNoNo mature spermYesNoDAZAP1 No mature sperm
Lysis, no testes in 
remaining fragments
LysisNot testedNo mature spermYes
Yes (bloating 
observed in 
homeostasis)
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Table 3.2. Experimental details for planarian homologs of DAZ family targets
Target 
name
Required for 
regeneration 
(neoblast 
maintenance)?
Expressed 
in the male 
germ cells?
Germ cell RNAi phenotype in adult 
sexually mature worms
Required for de 
novo germ cell 
specification?
RNAi phenotype in 
sexually immature 
regenerates
CDC25-1 Yes Yes Loss of early germ cells followed by 
more differentiated cells
Lysis
Lysis, no testes in 
remaining fragments
CDC25-2 No Yes Loss of early germ cells followed by 
more differentiated cells
No No testes
SDAD1 Yes Yes Loss of early germ cells followed by 
more differentiated cells
Lysis Lysis
CDC25-3 No Not tested No No No
vasa1 Yes Yes Small testes, no loss of specific cell 
type marker
Lysis Lysis
vasa2 No Yes No No Small testes with only SSCs 
and spermatogonia
TPX-1 No No No No No
TRF2-1 No Yes No No No
TRF2-2 No No No No No
TRF2-3 No No No No No
GRSF1-1 Yes Yes Early lysis Lysis Lysis
GRSF1-2 No Yes No No No
PAM No Not tested No No No
TSSK No Not tested No No No
Germ cell RNAi 
phenotype in 
hatchlings
No male germ cells
No male germ cells
Not tested
Not tested
Not tested
Not tested
Small testes with only SSCs 
and spermatogonia
NoNo mature spermRingo/SPY
Not tested
Not tested
Not tested
Not tested
YesNo
Not tested
Not tested
Not tested
Not tested
Not tested
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Table 3.3. Accession numbers of sequences used for phylogenetic analyses
Organism Common name/taxon Gene name NCBI Accession number/source
Aplysia californica Mollusc Boule XP_005103136
Caenorhabditis elegans Nematode Boule NM_062635.4
Caenorhabitis briggsae Nematode Boule XP_002630720
Drosophila ananassae Arthropod (Diptera) Boule XP_001958310
Drosophila melanogaster Arthropod (Diptera) Boule Q24207
Gallus gallus Aves Boule XP_421917
Hofstenia miamia Acoelomorpha Boule1 Not available
Hofstenia miamia Acoelomorpha Boule2 Not available
Homo sapiens Boule NP_001271291.1
Hydra vulgaris Cnidaria Boule1 JN379588
Hydra vulgaris Cnidaria Boule2 JN379589
Hydra vulgaris Cnidaria Boule3 JN379590
Macrostomum lignano Flatworm (Turbuleria) Boule1 HM222645
Macrostomum lignano Flatworm (Turbuleria) Boule2 JF911416
Macrostomum lignano Flatworm (Turbuleria) Boule3 JF911417
Mus musculus Mouse Boule NM_029267.3
Nematostella vectensis Cnidaria Boule1 XM_001635170
Nematostella vectensis Cnidaria Boule2 XM_001637198
Saccoglossus kowalevskii Hemichordate Boule XM_011683988.1
Schistosoma mansoni Flatworm (Trematode) Boule XM_002575473
Schmidtea mediterranea Flatworm (Turbuleria) Boule1 KU519616
Schmidtea mediterranea Flatworm (Turbuleria) Boule2 KU519617
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Organism Common name/taxon Gene name NCBI Accession number/source
Strongylocentrotus purpuratus Echinoderm Boule XM_011683988.1
Tribolium castaneum Arthropod (Coleoptera) Boule EFA05679
Lingula anatina Brachiopod Boule http://marinegenomics.oist.jp/
Pinctada fucata Pearl Oyster Boule http://marinegenomics.oist.jp/
Biomphalaria glabrata Snail Boule XR_001216766.1
Lottia gigantea Sea snail Boule http://genome.jgi.doe.gov/
Capitella sp. I ESC-2004 Polychaete Boule1 http://genome.jgi.doe.gov/
Capitella sp. I ESC-2004 Polychaete Boule2 http://genome.jgi.doe.gov/
Octopus bimaculoides Boule XM_014929311.1
Helobdella robusta Leech Boule1 http://genome.jgi.doe.gov/
Helobdella robusta Leech Boule2 http://genome.jgi.doe.gov/
Echinococcus multilocularis Flatworm (Cestode) Boule1 parasite.wormbase.org
Echinococcus multilocularis Flatworm (Cestode) Boule2 parasite.wormbase.org
Hymenolepis diminuta Flatworm (Cestode) Boule1 parasite.wormbase.org
Hymenolepis diminuta Flatworm (Cestode) Boule2 parasite.wormbase.org
Hymenolepis microstoma Flatworm (Cestode) Boule parasite.wormbase.org
Taenia asiatica Flatworm (Cestode) Boule parasite.wormbase.org
Danio rerio Zebrafish Dazl AB018191.1
Gallus gallus Aves Dazl NM_204218.1
Mus musculus Mouse Dazl NM_010021.5
Homo sapiens DAZL NM_001190811.1
Oryzias latipes Japenese killfish Dazl NP_001098269.1
Xenopus laevis Frog Dazl AF017778.1
Homo sapiens DAZ U21663.1
Table 3.3. contd.
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Table 3.4. Cloning and qRT-PCR primer sequences
Cloning primers
Gene name Forward cloning primer Reverse cloning primer
Genbank accession 
number
boule1 TGCAAACAAAATGTCAACTGAT CATAAGGCACGGGTCCAT KU519616
boule2 TATTTGTTGGGGGATTTCCA CTTTGAGGTGTTGCCATTGA KU519617
CDC25-1 TCACAACACTCCTGAAACACCA TTCTGGTCCACGAACCGATG KU852687
CDC25-2 ATGCAATATTTCTGTCAGTC AAGACGCTTAATATCACATC KU852688
CDC25-3 TGGCCACCTGTTTATTCCTC CGACTTGACAATTCCCATCA KU852689
DAZAP1 GATGGTAACGAGATTGGAAA TATGACGTTGTTTGGTTTGA KU852669
DAZAP2 TGACGGTGTCATAAAAGTCA AGCTCCTTGATCCCATAAAT KU852670
DZIP/iguana ATCACCGTTGTCCATATTGT GTCATCCTCCAAATTTTTCA KU852671
GRSF1-1 TACAGGGGAGGCATTTGTTC TCCGTCTGGGCCTATTTGTA KU852676
GRSF1-2 GAGAAAGGCCACGAAGAGAA AAAACATCATCTGGGCGTGT KU852677
PAM ACCGTCAGACCAAAACGAAC TGCTTGAGCCACATCTGAAC KU852680
pumilio GGCAGGATTGTCGAACTCAG CCAAGATCCTGATTGTTTTTCA KU852681
Ringo/SPY GCTCACGATGTCGAAGAAGA ATCTGACTCGTCGCTGTCAT KU852682
SDAD1 TGGAGTTGCTGTCGAGATTG CTTTCGGTTTTTGCTTGCTC KU852686
TPX1 TTCTAACCGCCCATAACACC CAGAGTCCGTCATTGCATGT KU852672
TRF2-1 CACTTTTTCCAGTGGTCATGATT CATTGGACGCGAGTTCATAA KU852673
TRF2-2 TTGTGATGCCTACACCTCAGTT TTTTCCCGAAACGAAAATCA KU852674
TRF2-3 TATCGCCTGCTTTTTCGACT TCTTTTCCTCCGGTCAAAAT KU852675
TSSK TTGCTGGAAATCGAGAACAG ACTCGTCAGACTCGTTGCAC KU852683
vasa1 TTGACCCCAGTGCAAAAATA GCCAACAACTCCAACAGCTA KU852684
vasa2 TTCCAACGCGTGAATTATGT GTCGCCATGGATTGTAGTTG KU852685
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Table 3.4. contd
qRT-PCR primers
Gene name Forward qRT-PCR primer Reverse qRT-PCR primer
boule1 TCAAGCAACGATGACTGCTG TTTGACGTGATTCCACCAAC
boule2 CCACTATCAATGGCAACACC TCAACGGTTCTACTGGCATC
nanos CAAGGACAAATGTTGCCTGTA CAACCCATCGATCCAACTCT
pka CATAGTCCAAGGCGATGATG GGCGTTGTACATCAGTGCTAGT
tkn-1 CTGACATGCTTGGCACTTCT GCGGTCTTCCCTATTCACTT
β- tubulin TGGCTGCTTGTGATCCAAGA AAATTGCCGCAACAGTCAAATA
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CHAPTER 4: TRANSCRIPTOMIC ANALYSIS IDENTIFIES 
NOVEL REGULATORS OF GERM CELL DEVELOPMENT 
IN THE PARASITE SCHISTOSOMA MANSONI 
 
 
 
4.1 Abstract 
 
Parasites of the genus Schistosoma cause schistosomiasis, a major neglected tropical 
disease. Eggs deposited by the parasites lodge in host organs, and trigger granuloma 
formation, leading to clinical manifestations of the disease. Despite the crucial role of 
reproduction in the pathogenicity of schistosomiasis, in-depth functional analyses of 
genes associated with the schistosome reproductive system have yet to be performed. 
Here we use RNA sequencing to identify transcripts enriched in the male germ cells of S. 
mansoni. We use in situ hybridization to validate the expression of these transcripts in the 
male gonad, and we perform gene knockdown by RNA interference to identify genes that 
function in distinct stages of S. mansoni male gametogenesis. Furthermore, we perform 
comparative functional analyses to identify genes that have conserved functions in male 
gametogenesis in both free-living and parasitic flatworms. Intriguingly, we find that 
genes necessary for schistosome testis maintenance are expressed and function in the S. 
mansoni female reproductive system. To examine the role of these genes in egg 
production, we use a combination of in vitro RNA interference, followed by 
transplantation of paired parasites into naïve mice, and identify genes that are necessary 
for normal schistosome oogenesis and granuloma formation in the definitive host. 
Together, our study highlights the evolutionary conservation between planarians and 
schistosomes and could have implications in combating schistosomiasis by targeting the 
reproductive system of Schistosoma. 
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4.2 Introduction 
Over 240 million people in the world’s poorest nations, are affected by schistosomiasis, a 
major neglected tropical disease that causes 200,000 deaths annually, with close to 800 
million people at risk [1-3]. Trematode parasites of the genus Schistosoma, also known as 
blood flukes, cause this devastating disease and reside in the vasculature of their 
mammalian host [4]. In the case of S. mansoni, individual male and female larvae 
penetrate the skin of their primary definitive mammalian host, humans, and migrate 
through various host organs, accompanied by a series of concurrent developmental 
transformations during the course of their migration. The parasites initially migrate to the 
lungs, then pass to the hepatic portal vein, where the animals mate, and then move to the 
mesenteric veins of the intestine, where paired worms commence egg production [4,5].  
The clinical manifestations of schistosomiasis, such as anemia, malnutrition, and learning 
disabilities, are not directly due to adult worms residing in the body, but instead are a 
result of the host’s immune response to the eggs laid by the parasite in host vasculature 
[4]. Given this key role of egg-laying and reproduction in the pathogenesis of 
schistosomiasis, several groups have adopted candidate approaches towards identifying 
genes required for the maintenance of schistosome male and female reproductive systems 
[6-14].  Additionally, unbiased transcriptomic approaches have revealed genes that are 
differentially expressed either in male or female worms to understand sexual dimorphism, 
or have explored the effect of pairing on male and female germ cell development [15-21]. 
However, extensive expression analysis using techniques such as in situ hybridization 
(ISH), and functional analysis using methods such as RNA interference (RNAi), towards 
understanding the germ cell and reproductive biology of these parasites is lacking.  
Several recent studies have brought into focus the conservation between schistosomes 
and their free-living relatives, freshwater planarians [5,22-24], and have leveraged the 
molecular tools available for the study of the planarian Schmidtea mediterranea to 
understand schistosome biology [25,26]. In addition to being an excellent model system 
for the study of stem cells and regeneration [27-30] the experimental tractability of the 
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planarian male reproductive system has resulted in a wealth of functional and molecular 
tools for studying male gametogenesis [31,32]. Previous studies have highlighted the 
molecular conservation of genes such as nanos, dmd-1, and Nuclear Factor-YB 
[25,26,33] in planarian and schistosome male reproductive development. However, a 
detailed analysis comparing the male germ cell biology of these two flatworms at a 
transcriptomic level has not been performed to date. 
Here we perform RNA sequencing (RNA-Seq) to identify transcripts enriched in the male 
germ cells of S. mansoni followed by large scale expression and functional validation of 
genes necessary for schistosome reproductive development. When we compare the S. 
mansoni testis-enriched genes to planarian transcriptomes, we find that ~63% of these 
genes (251/400) have planarian homologs. Through comparative functional RNAi 
studies, we identify genes that play conserved roles in both planarian and schistosome 
male germ cell maintenance and differentiation. Additionally, our RNAi experiments on 
schistosomes reveal conserved and novel regulators of male germ cell maintenance and 
differentiation in parasites cultured in vitro. Interestingly, we observe that a majority of 
the schistosome testis-enriched genes are also expressed in the female reproductive 
system, and we find that genes required for testis maintenance also function in female 
reproductive development. Finally, through a combination of in vitro RNAi followed by 
transplanting parasites into naïve mice, we identify genes necessary for egg production, 
and thus, granuloma formation in the definitive host. Collectively, our findings reveal 
molecular and functional similarities between the germ cells of free-living and parasitic 
flatworms, and may open new avenues for prevention and treatment of schistosomiasis. 
4.3 Results 
RNA-Seq reveals genes enriched in the male germ cells of S. mansoni 
Male S. mansoni have 4-9 testis lobes located anterodorsally (Figure 4.1A). To identify 
genes expressed in the male germ cells, we irradiated adult male schistosomes at 200 Gy, 
121
which eliminates cycling cells including somatic stem cells [22] and germline stem cells 
(Figure 4.1A). Following 3 days of incubation in vitro, the male parasites showed a loss 
of all or most germ cells. We set aside a sample of animals for microscopic validation of 
male germ cell loss (Figure 4.1B) and performed RNA-Seq on RNA extracted from the 
anterior portion (to enrich for testis tissue) of the remaining animals (Figure 4.1A).  
 
When we compared the transcriptional profiles of control and irradiated testis-enriched 
tissue, we found that 400 genes were significantly downregulated (³1.5X, P≤ 0.05) in the 
irradiated samples (Table 4.1). Since irradiation also ablates the somatic stem cells, 
known as neoblasts, of the parasite, we first compared the differentially expressed genes 
to a previously generated somatic stem cell transcriptome [22] to exclude neoblast-
enriched genes (see methods). 131 out of 400 genes (33%) showed overlap between the 
two gene sets, yielding 269 (67%) putative testis-enriched transcripts. We were 
successful in cloning 232 of the 269 genes. 
 
We performed ISH for the 232 genes we cloned and found that in male schistosomes, 210 
of the genes tested (~91%) showed expression in the testis (Table 4.2). 130 of the 210 
genes (~62%) were expressed predominantly in the male gonad, with no expression 
detected in somatic tissue (Figure 4.1C, Table 4.2), for e.g., F-box protein 47 and radial 
spoke 3. 80 of the 210 genes (38%) were expressed in testis as well as somatic tissue e.g. 
tegument, intestine (Figure 4.1D-E, Table 4.2). Transcripts of 49 out of these 80 genes, 
including genes such as parkin co regulated and camp-dependent protein kinase 
displayed weak somatic expression (Figure 4.1D, Table 4.2), whereas 31 out of the 80 
genes, including adenylate kinase isoenzyme 5, were strongly expressed in somatic tissue 
(Figure 4.1E, Table 4.2). In a small number of genes (3 out of 232 tested), e.g., IQ and 
AAA domain containing protein 1, the somatic expression was so strong that expression 
in the male gonad was difficult to determine (Figure 4.1F, Table 4.2). 19 genes did not 
show expression in the male gonad using our ISH protocol. 
 
A GO term analysis of the downregulated genes indicated an enrichment of genes related 
to cell-cycle/DNA replication processes (Table 4.1), suggesting that many transcripts 
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might be expressed in cycling cells within the testis, consistent with the high turnover of 
these cells seen upon irradiation. In addition, a number of known regulators of germ cells 
in other animal models were also expressed. For instance, among the most downregulated 
genes were schistosome homologs of nanos and boule (Table 4.1), which have conserved 
function in germ cell development across metazoans [33-41], and the schistosome nanos 
homolog has previously been shown to be expressed in schistosome gonads [26,42]. Our 
observations indicate that our goal to enrich for transcripts expressed in the male germ 
cells of S. mansoni was successful.       
 
Evolutionary conservation between male germ cell genes of free-living and parasitic 
flatworms 
 
Extraordinary diversity is seen within flatworms with respect to lifestyles: members of 
the class Turbellaria (such as planarians) are free-living, whereas members of classes 
Trematoda (such as schistosomes) and Cestoda are ecto- or endo- parasites. The planarian 
Schmidtea mediterranea has emerged as a useful model to study several aspects of germ 
cell and reproductive biology [25,31-33,43-45]. While previous studies have drawn 
comparisons between the neoblasts of S. mediterranea and S. mansoni [22,23], a large-
scale, functional, transcriptomic comparison of the male reproductive system of these two 
flatworms has not been performed to date. 
 
To better understand the molecular and functional conservation between these two 
flatworms, we compared the differentially expressed schistosome genes (n=400) with the 
planarian transcriptomes available on PlanMine [46], and found that 63% (251/400) of 
the genes have planarian homologs (Figure 4.2A), and 44% (110/251) of these genes 
were highly expressed in the sexual strain of S. mediterranea (³1.5X, e value cut off  
10-10, Table 4.3) [45]. This large percentage of conserved genes (63%) and the 
evolutionary relationship between S. mediterranea and S. mansoni, prompted us to adopt 
a comparative functional approach. We were successful in cloning a subset of the 
planarian homologs (136 genes out of 251) of schistosome testis-enriched genes. We 
performed RNAi of these 136 genes in planarians to identify genes functioning in 
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planarian spermatogenesis, followed by RNAi in schistosomes (using schistosome 
homologs of the planarian genes playing a role in spermatogenesis) to determine the 
extent of functional conservation (Figure 4.2B) in addition to conservation at a molecular 
level (Figure 4.2 A). 
In planarians, the germinal histone H4 (gH4) transcript is expressed in early germ cells 
and somatic stem cells, and this marker has been extensively used for the characterization 
of the planarian male reproductive system [31,33,47]. We found that the schistosome 
homolog of gH4 (Smp_194870) is expressed in a subset of cells in the testis lobes as well 
as in cells scattered across the length of the parasite, and that this expression is irradiation 
sensitive (Figure 4.3A). A closer examination of the schistosome male germ cells 
expressing gH4 reveals that these cells are large and circular and exhibit low DAPI 
intensity (indicative of low compaction of DNA), characteristic of spermatogonia (Figure 
4.3B). Lastly, co-labeling with the thymidine analogue 5-ethynyl-2’-deoxyuridine (EdU), 
which gets incorporated into DNA during the S phase of the cell cycle, demonstrated that 
gH4-expressing in the testis are proliferative (Figure 4.3C). Based on these observations, 
and gH4 expression in S. mediterranea, we conclude that the schistosome homolog of 
gH4 also labels early germ cells and somatic stem cells. To characterize and compare the 
germ cell defects in schistosomes and planarians, we performed fluorescent ISH (FISH) 
to detect gH4 in knockdown and control animals and we used this marker to understand 
two distinct defects in the male germline of the two worms: germ cell maintenance and 
meiotic progression.  
Planarians have numerous testis lobes distributed across the length of the animal (shown 
in the illustration adjacent to the control panel of Figure 4.2C). Individual testis lobes 
show a clear organization, with the least differentiated gH4+ cells around the periphery of 
the lobe, and as these gH4+ cells differentiate, the differentiating cells are deposited 
towards the lumen (Figure 4.2C). In contrast to planarians, schistosome testis lobes show 
no positional organization, and cells in various stages of differentiation, including gH4+ 
cells, are scattered within each testis lobe (Figure 4.2C’). It was previously shown that 
RNAi of either the planarian homolog of nanos, Smed-nos, or one of the two schistosome 
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paralogs of nanos, Sm-nanos1 (Sm-nos1), results in male germ cell loss (i.e., these genes 
are necessary for testis maintenance) [26,33]. Similarly, when we knocked down 
planarian homologs of t-complex testis-expressed protein (tcte1), rad51, and 
minichromosome maintenance complex component 3 (mcm3), we observed a loss of all or 
most male germ cells compared to control animals (Figure 4.2C). Comparable to the 
planarian knockdown phenotype, RNAi of the schistosome homologs of tcte1. rad51, and 
mcm3 resulted in a loss of most male germ cells (Figure 4.2C’). 
We previously showed that a planarian paralog of the gene boule, Smed-boule1, drives 
meiosis; gH4+ undifferentiated male germ cells are unable to progress into meiosis in 
Smed-boule1(RNAi) animals and the testes of these animals lack meiotic and post-meiotic 
male germ cells (Figure 4.2D) [39]. Following knockdown of Sm-boule (bol1), the single 
schistosome homolog of boule, most of the cells in the testis were gH4+ early male germ 
cells (Figure 4.2D’), suggesting that the schistosome boule homolog plays a similar role 
in male germ cell meiotic progression. We identified other genes that play conserved 
roles in meiotic progression of undifferentiated germ cells in planarians and 
schistosomes. HORMA domain-containing protein (hor1) is a component of the 
synaptonemal complex and is necessary for mouse male and female gametogenesis [48] 
as well as male germ cell meiosis in Caenorhabditis elegans [49]. Similarly, knocking 
down hor1 in both planarians and schistosomes leads to defects in meiotic progression of 
the gH4+ cells in the testes (Figure 4.2D,D’). Loss of kelch protein 10 results in infertility 
in male mice due to loss of post-meiotic cells [50] and a Kelch-like protein in C. elegans 
is necessary for completion of male germ cell meiosis [51]. RNAi of planarian and 
schistosome homologs of the kelch protein 10 (kel10) also results in loss of the more 
differentiated cells (gH4-) of the testis, strongly indicative of a meiotic defect (Figure 
4.2D,D’). hor1(RNAi) or kel10(RNAi) phenotypes are not as strong as bol1(RNAi), but 
the testis lobes in these knockdown animals contain fewer differentiated cells compared 
to control animals (Figure 4.2D’). 
In sum, we performed RNAi in planarians for 136 homologs of schistosome testis-
enriched genes (Table 4.4). The functions of most of these genes in planarian male 
125
gametogenesis (with very few exceptions such as ELAV) have not been characterized to 
date, and our comparative approach has broadened our understanding of molecules 
required for planarian male germ cell maintenance and differentiation. RNAi of 17 of 
these 136 genes (13%) resulted in lethality in planarians and the function of these genes 
in male germ cells could therefore not be determined (these genes are likely to have 
somatic functions for e.g. maintenance of planarian neoblasts). RNAi of 35 genes (26%) 
resulted in defects in planarian male gametogenesis (testis maintenance, 8 genes; meiotic 
progression, 8 genes; spermatid maturation/spermiogenesis, 11 genes; other 
(spermatogenesis defects other than above categories, in which testis lobes appeared 
abnormal, but it was difficult to determine which step in spermatogenesis was being 
affected), 8 genes (nanos and boule1 were not included in this calculation since planarian 
RNAi phenotypes for these genes have been previously published). 16 of the 35 genes 
(46%) necessary for planarian male gametogenesis were also important for schistosome 
male germ cell differentiation and maintenance, indicating molecular and functional 
conservation between these two flatworms (Table 4.4). 
 
Genes identified from RNA-Seq function in different stages of male schistosome 
gametogenesis  
 
In parallel to the comparative experiments described in the previous section, we 
continued functional characterization, in schistosomes, of the remaining genes obtained 
from our RNA-Seq. Together (including genes discussed in the previous section), we 
performed RNAi in male schistosomes for the 232 schistosome genes we cloned (S2 
Table), and we classified the RNAi phenotypes into four categories: 1) loss of all or most 
male germ cells; 2) reduction in testis size/number of germ cells; 3) failed meiotic 
progression; and 4) failed maturation of spermatozoa or spermiogenesis (Table 4.5).  
 
We identified 15 genes (Table 4.5, including nos1, tcte1, rad51, and mcm3 discussed in 
Figure 4.2), necessary for schistosome testis maintenance. For 11 of these genes, either a 
planarian homolog was not identified or these genes did not have similar functions in 
planarians and schistosomes. For example, RNAi of WD repeat containing protein 66 (no 
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male gametogenesis defect was observed upon RNAi in planarians), lin54 (knockdown of 
planarian homolog resulted in lethality), and genes encoding hypothetical proteins (these 
genes do not have planarian homologs according to the BLAST criteria specified in 
methods and are identified by Smp numbers), resulted in loss of all or most male germ 
cells in schistosomes (Figure 4.4A, Table 4.2 and 4.5).  
Additionally, RNAi of 14 genes resulted in small testis lobes compared to controls, but 
not complete loss of all germ cells (Figure 4.4B and 4.5, Table 4.5). Some examples of 
genes with small testis phenotypes include: tropomyosin (tmy), a component of the 
cytoskeleton which has been shown to be required for female gametogenesis in D. 
melanogaster [52,53] and C. elegans [54]; fantom (fan), a Retinitis Pigmentosa GTPase 
Regulator Interacting Protein (RPGRIP), a gene for which germ cell function has not 
been characterized to date [55,56]; and tubulin monoglycyclase (ttll3), an enzyme 
responsible for post-translational modification of tubulin, a major component of sperm 
centrioles and microtubules [57-59] (Figure 4.4B and 4.5, Table 4.5).  
We identified 11 genes necessary for meiotic progression of male germ cells (8 not 
including genes discussed in Figure 4.2), similar to Sm-bol1 (Figure 4.2B). RNAi of these 
genes results in testis lobes containing mostly gH4+ undifferentiated germ cells, but not 
many differentiated (gH4-) cells. Some examples of genes required for male germ cell 
meiosis include a zinc finger protein (zfp1), a GPCR (GPCR1), and ect2, which encodes a 
Rho guanyl-exchange factor that has been shown to play a role in Xenopus oocytes 
[60,61], and other schistosome unique genes (Figures 4.4C, 4.6, 4.7 and Table 4.5). 
Finally, from our RNAi experiments, we identified 8 genes required for spermiogenesis, 
the final step in male gamete maturation (Figure 4.4D and 4.8, Table 4.5). Following 
RNAi of these genes, the testis lobes contained few or no elongate cells resembling 
mature sperm, and the most mature cells observed were rounded spermatids. Many of 
these genes code for components of the sperm axonemal complex, such as radial spoke 3 
(rds3) [62-64], leucine rich repeat and coiled coil protein (lrr1) [65-68], and 
tetratricopeptide repeat protein (trr23) [69-71] (Figure 4.4D and 4.8, Table 4.5). 
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Combined, our RNAi assays revealed 48 genes (including those discussed in the previous 
section) that function in distinct stages of schistosome male gametogenesis. As expected, 
we found that genes with conserved roles in germ cell development in other organisms 
also function in schistosome male germ cell maintenance and differentiation. 
Additionally, we identified a role in schistosome male gametogenesis for a number of 
both annotated and schistosome-unique genes, the male germline functions for which 
were previously not known. 
Genes required for male germ cell maintenance also function in the female 
reproductive system 
When we performed ISH for the testis-enriched genes obtained from our RNA-Seq 
analysis, we were surprised to observe that a majority of these transcripts were also 
detected in the female worms, in the ovary (192/232, 83%, genes cloned expressed in 
ovary and the vitelline glands (150/232, 65%, genes cloned expressed in vitellaria) (Table 
4.2). Vitelline glands, or vitellaria, are specialized organs seen in flatworms [72], which 
provide shell and nutrients to the fertilized egg. In female schistosomes, vitellaria can 
occupy between two-fifths to two-thirds of the body and contain vitelline cells in various 
stages of development [4,42,73]. 
Since RNAi of the genes necessary for testis maintenance resulted in the most severe and 
reproducible male germ cell loss (referred to as NGC genes: no germ cells), we sought to 
determine if the NGC genes are expressed and function in the female gonad. Fifteen 
NGC genes (some of which have functional planarian homologs and others do not) were 
necessary for testis maintenance from our experiments on male schistosomes (Figures 
4.2C’, 4.3A, 4.9 and Table 4.5). ISH experiments showed that all the NGC genes were 
expressed in the testis as well as in the ovary and vitellaria (Figure 4.4A and 4.10).  
The NGC genes belonged to distinct classes of biological function. Many of these genes 
are known regulators of the cell cycle such as chromatin licensing and DNA replication 
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factor cdt1 (Figure 4.11A, Table 4.5), mcm3, and lin54 (Figure 4.10 and Table 4.5). 
Some of these genes have been described in the context of germ cell development in 
other systems such as nos1, Myb domain containing transcription factor (myb) (Figure 
4.11A, Table 4.5) [74,75], and tcte1 (Figure 4.10 and Table 4.5) [76-78]. Others genes 
play roles in meiosis and chromosome organization such as rad51 (Figure 4.11A, Table 
4.5) and condensin complex subunit 3 (ccs3) (Figure 4.10 and Table 4.5). Finally, a 
number of NGC genes encode schistosome-unique hypothetical proteins (Figures 4.11A, 
4.10 and Table 4.5), which are especially attractive as possible therapeutic targets for 
anti-schistosome drug discovery. 
 
Since NGC genes were expressed in both male and female reproductive systems, we 
sought to functionally characterize their role in both male and female worms. For this 
assay, in addition to ISH using germinal histone H4 (which labels somatic stem cells as 
well as undifferentiated germ cells) (Figures 4.2C’, 4.3, and 4.9), we looked for the 
expression of the conserved gonad-specific Sm-nos1 transcript, which is expressed in the 
testis [26], the ovary and vitellaria [42] of schistosomes. We found that nos1 expression 
is dramatically reduced in the schistosome testis following RNAi knockdown of these 
fifteen genes (Figures 4.11B, 4.12A, and Table 4.6). Intriguingly, knockdown of NGC 
genes also resulted in varying degrees of loss of nos1 expression in the ovary and 
vitellaria (Figures 4.11B, 4.12B, and Table 4.6). Taken as a whole, our ISH and RNAi 
experiments demonstrate that genes necessary for male germ cell maintenance may also 
function in the female gonad. 
 
Gonad-enriched genes are required for granuloma formation in the mouse liver  
 
The pathogenesis of the schistosome egg to the vertebrate host has been well documented 
[4]. Studies have shown that a female S. mansoni lays hundreds of eggs per day: she 
discharges 10% of her body weight as eggs each day and roughly produces one egg every 
5 minutes [4,79,80]. About 50% of these eggs get trapped in the host body, causing 
chronic inflammation due to the host’s immune response to these eggs [81,82]. 
Additionally, the prodigious and prolonged egg laying capacity of these worms is evident 
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from studies showing that viable eggs have been recovered from patients decades after 
the initial infection with no possibility of reinfection in the intervening period [83-86]. 
Intrigued by the observation that NGC genes are necessary for the expression of the 
conserved nos1 transcript in both the male and the female parasites, we next asked 
whether any of these genes are necessary for egg production in the definitive host. RNAi 
assays on parasites grown in vitro to quantify egg production are difficult to interpret 
since cultured female worms stop producing eggs over time and it is challenging to 
ensure that animals remain paired. We therefore used a combination of in vitro RNAi, 
followed by transplantation of the dsRNA-treated parasites into the vasculature of naïve 
mice [87,88], to quantify granuloma formation. 
Since our objective was to perform a preliminary proof-of-concept experiment to identify 
candidate genes that are necessary for egg production and granuloma formation in the 
mammalian host, and these transplantation experiments are not amenable to a high-
throughput format, we selected those genes which showed the most robust and 
reproducible loss of nos1 expression in testis, ovary, and vitellaria (Table 4.6), 
representing the discrete functional categories described in Figure 4.4A. Our candidate 
genes included: nos1, a gene with well conserved function in germ cell maintenance and 
differentiation across metazoans [33-41], uveal autoantigen with coiled coil domains and 
ankyrin repeats (uac), a gene with known functions in apoptosis and stress pathways in 
the soma [89,90], but the function for which in germ cells is unclear [91]; and a 
schistosome-unique gene, Smp_158930, which encodes a hypothetical protein that has 
not been characterized. 
We recovered paired schistosomes from infected mice at ~5 weeks post infection, 
knocked down the three genes in vitro for approximately 7 days by RNAi, and 
transplanted the parasites into the mesenteric intestinal veins of healthy mice (Figure 
4.13A) [87,88]. We sacrificed the mice ~14 days post-transplantation and investigated the 
effects of gene knockdown on the parasites and on formation of mouse liver granulomas. 
We confirmed the persistence of gene knockdown through nos1 ISH on parasites 
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recovered post-surgery, similar to our experiments on in vitro cultured parasites (Figure 
4.13B). To assess the effect of germ cell loss on egg production, we quantified the 
number of granulomas on the surface of the liver. Indeed, we found that RNAi of all three 
candidate genes, nos1, uac, and Smp_158930, resulted in significantly fewer granulomas 
in the liver (Figures 4.13C-D and 4.14). A majority (>57%) of schistosomes that were 
transplanted were recovered following perfusion (Tables 4.7 and 4.8). These 
transplantation experiments demonstrate that some of the genes obtained from our RNA-
Seq are crucial not only for germ cell maintenance in parasites cultured in vitro, but are 
also critical for normal egg production, and thus granuloma formation in the mammalian 
host, the primary sources of pathogenesis in schistosomiasis. 
4.4. Discussion 
In schistosomiasis, the parasite’s tremendous reproductive output and longevity, in 
combination with the host immune machinery, results in considerable morbidity and 
reduction in quality of life. Since the schistosome egg is both the primary inducer of 
pathogenicity in the host and the agent of transmission, schistosomiasis can be considered 
a disease of germ cells [4]. With only a single drug, praziquantel, currently available to 
treat this disease, and concerns over development of resistance [92-95], the parasite’s 
fecundity and prodigious egg laying capacity are attractive targets for new anti-
schistosome drugs.  
Identification, expression analysis, and functional validation of schistosome male 
germ cell-enriched transcripts 
In this study, using a combination of irradiation to ablate germ cells and an unbiased 
RNA-Seq approach, we identified genes enriched in the male germ cells of S. mansoni 
and we validated gene expression using ISH. Using a functional transcriptomic approach, 
we identified and categorized genes functioning in discrete stages of male gametogenesis. 
One of the intriguing RNAi phenotypes we observed was the small testis phenotype 
which included heterogeneous male germ cell defects. Knockdown of some genes in this 
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category, for example, tmy, tmn, and WD52, resulted in smaller testis lobes without 
apparent loss of a specific male germ cell population, whereas RNAi of other genes such 
as, fan, rec8, and Smp_180190 resulted in small testis lobes containing largely 
undifferentiated germ cells, but some mature gametes. Additional markers could help 
characterize these knockdown phenotypes in greater detail, for instance, determine 
whether the latter RNAi phenotype is a result of a block in differentiation alone, or is a 
combination of defects in differentiation and/or maintenance of male germ cells.  
Although we identified a number of conserved and annotated factors necessary for 
different stages of schistosome male germ cell development, we also found that a number 
of unannotated schistosome-unique genes play a role in male gametogenesis. BLAST 
analysis of the proteins encoded by these genes revealed no significant homology or 
conserved domains to known proteins. From both therapeutic and prophylactic 
perspectives, specificity of treatment for any disease is an important consideration. These 
schistosome-unique genes, functioning in reproduction, could provide attractive 
candidates for future drug or vaccine discovery efforts. 
Lessons from free-living evolutionary cousins – the planarian S. mediterranea 
With a complex life cycle, including invertebrate and vertebrate hosts, and free-living and 
parasitic stages, culturing schistosomes under laboratory conditions is not a trivial task. 
The experimental tractability of the planarian S. mediterranea, on the other hand, has led 
to tremendous success of this free-living flatworm for the study of many aspects of 
developmental and regenerative biology, especially questions regarding the male germ 
cell biology. Here we perform a large-scale in silico transcriptomic comparison to 
determine molecular conservation between the male germ cells of these two flatworms, 
followed by in vitro functional validation by RNAi. While some genes clearly play 
conserved roles in planarian and schistosome gametogenesis (Figure 4.2 and Table 4.4), 
the role of other genes in precise stages of schistosome spermatogenesis could not be 
determined. Understanding the precise nature of male germ cell defects in these gene 
knockdowns would require more detailed analysis of individual RNAi phenotypes, 
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additional markers to label individual schistosome male germ cell populations, and 
greater optimization of schistosome FISH protocols. Our comparative studies 
demonstrate the feasibility of using the planarian for studying aspects of schistosome 
male germ cell biology, adding to the toolkit of the resources presently available to study 
schistosomes.  
From germ cell maintenance in vitro to granuloma formation in vivo 
An exciting observation we made during the course of our ISH validation experiments 
was that a number of the male germ cell-enriched genes obtained from our RNA-Seq 
were also expressed in the female reproductive system. This conserved expression led us 
to ask whether any of the genes functioning in male gametogenesis, and expressed in 
both the male and female gonads, also function in female parasites. The planarian 
homolog of nanos is a germline-enriched transcript, which has been used as a germ cell 
marker to assay for their reappearance following amputation [25,26,39,45]. We decided 
to use the schistosome germ cell-enriched homolog of nanos, nos1, as a readout of 
schistosome male and female reproductive robustness. We found that RNAi of genes 
resulting in reduced nos1 expression in the schistosome testis also resulted in reduced 
expression of this transcript in the ovary and vitellaria.  
The schistosome egg is the unit of pathogenesis in schistosomiasis; however, studying the 
reproductive output of the female parasites in vitro is technically challenging. We 
therefore used a combination of in vitro RNAi for candidate genes, followed by 
transplantation of dsRNA treated worms into naïve mice, and identified genes that play a 
role in egg laying and granuloma formation in the mammalian host. Since we chose 
genes with the most reproducible and severe loss of nos1 expression in testis, ovary, and 
vitellaria, it is difficult to determine - using this experiment and these specific genes - 
whether the reduced granuloma formation is a result of defects in the male or the female 
gonad. For instance, one possibility is that eggs are being produced and laid, but due to 
improper shell development as a result of defective vitellaria, these eggs are not 
immunogenic and therefore do not result in granuloma formation. Further 
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characterization, using genes required specifically for testis or ovary or vitellaria 
maintenance, obtained from either our study or other studies, will help delineate the 
processes of egg laying and granuloma formation. 
The reproductive system as a target for combating schistosomiasis 
The importance of schistosome reproduction in the pathogenesis of schistosomiasis has 
long been appreciated. Our approach, using irradiation and amputation to enrich for genes 
expressed in the male gonad, and identifying genes with conserved functions in male and 
female reproductive development, is one way to understand schistosome reproduction in 
greater detail. However, this approach will not reveal genes with roles in both somatic 
stem cells and germ cells (due to subtraction with the somatic stem cell transcriptome 
described in Figure 4.1), or genes that function specifically in the male or the female 
gonad.  
Several other groups have used RNA-Seq to identify genes potentially involved in sexual 
development of these parasites. For example, genes associated with different 
developmental stages of S. mansoni, including transcripts differentially expressed during 
sexual differentiation, have been identified [19]. Transcriptomic profiles of male and 
female worms as well as the schistosome egg have been generated [15]. Putative genes 
associated with sexual dimorphism and sex determination have been proposed [18]. 
Gonad-specific transcriptomes have been generated by isolating testes and ovaries, using 
a dissociation protocol, from paired and unpaired worms prior to sequencing (this study 
also highlights many genes conserved between S. mediterranea and S. mansoni) [16].  
However, a large-scale expression and functional analysis of genes necessary for 
schistosome reproductive development has not been performed prior to this study. 
Detailed characterization of genes identified in these previous studies as performed in the 
present study can help elucidate the gamut of genes critical for schistosome germ cell 
development and reproduction. Our study, together with these transcriptomic approaches, 
can pave the way towards a germ cell-based approach towards schistosome drug 
discovery, which has the potential to reduce the global burden of this major neglected 
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tropical disease. 
4.5. Materials and Methods	
Ethics statement 
In adherence to the Animal Welfare Act and the Public Health Service Policy on Humane 
Care and Use of Laboratory Animals, all experiments with and care of vertebrate animals 
were performed in accordance with protocols approved by the Institutional Animal Care 
and Use Committee (IACUC) of the University of Illinois at Urbana-Champaign 
(protocol approval number 15134). 
S. mansoni retrieval and in vitro culture 
Mice infected with Schistosoma mansoni were provided by the NIAID Schistosomiasis 
Resource Center for distribution through BEI Resources, NIH-NIAID Contract 
HHSN272201000005I. NIH: Schistosoma mansoni, Strain NMRI, Exposed Swiss 
Webster Mice, NR-21963 
Perfusion was performed with DMEM with L-Glutamine and Sodium Pyruvate (Fisher 
Scientific, MT10013CV) + 5% Hyclone Fetal Bovine Serum (GE, SH3007103HI) 
warmed to 37°C. Parasites were cultured in Basch’s 169 medium [96-98] with 1X 
antibiotic-antimycotic (Gibco, 15240062) at 37°C and 5% CO2. Media was changed 
every day.  
Schistosome RNA interference 
For in vitro RNAi experiments (not transplantation experiments), adult (7-8 weeks) S. 
mansoni were obtained by hepatic portal vein perfusion of mice. Following parasite 
retrieval, 10-15 mostly paired parasites were cultured in vitro in 3 ml of Basch’s 169 
medium in individual wells of 6-well plates (Corning 3516). For knockdown 
experiments, animals were soaked in ~60 µg of dsRNA (freshly added for the first 5-7 
days) and media was changed every day until approximately day 14 following perfusion. 
dsRNA synthesized from the bacterial ccdb gene was used as a negative control [44].  
135
RNA sequencing  
Adult parasites (7-8 weeks) were collected from mice, suspended in Basch 169 medium, 
and exposed to 200 Gy of irradiation using CellRad Irradiation System (Faxitron Bioptics 
LLC). Following 3 days of incubation, male and female worms, from both control 
(unirradiated) and irradiated samples, were separated by incubation in 0.2% ethyl 3-
aminobenzoate methanesulphonate (Sigma-Aldrich, E10521). A small sample of ~10 
worms was set aside for microscopic validation of germ cell loss using DAPI. The 
anterior portion of the male schistosomes (approximately anterior 1/10th of the animal) 
containing the testis lobes was excised using a scalpel and immediately immersed in 
Trizol (Invitrogen, 15596-026) and total RNA was extracted from about 80-100 male 
parasites. This procedure was repeated three times to obtain biological triplicates. Tagged 
libraries were prepared, pooled in a single lane, and Illumina sequencing was performed 
using TruSeq RNA-Seq Sample prep kit at the W. M. Keck Center for Comparative and 
Functional Genomics at the University of Illinois. 28-30 million 100 bp reads were 
generated per sample using Illumina HiSeq 2000. Reads were mapped to S. mansoni 
genome version 5.0 and differences in gene expression were determined using CLC 
Genomics Workbench 8.0. 
Comparison to other transcriptomes 
Schistosome neoblast transcriptome: The published schistosome neoblast transcriptome 
[22] was obtained by irradiating adult male schistosomes exposed to 200 Gy of g-
irradiation, followed by 48 hours of incubation and RNA was extracted from the posterior 
region of male worms (heads containing testis were removed prior to RNA extraction). In 
this study, we exposed adult male schistosomes to 200 Gy of X-irradiation, followed by 
72 hours of incubation. RNA was extracted from the anterior region of the male worms 
(containing the testes). We compared genes significantly downregulated (>1.5X, P<0.05, 
irradiated versus control samples) in the neoblast transcriptome (published values are 
>2.0X, P<0.05) to genes significantly downregulated in our sample set (³1.5X, P≤ 0.05, 
irradiated versus control samples). We excluded neoblast-enriched transcripts (based on 
the above criteria) from further characterization except nos1, a gene which has been 
shown to be enriched in schistosome male germ cells and necessary for testis 
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maintenance [26]. 
Planarian transcriptomes: All 400 differentially expressed genes were individually 
blasted (tblastn) to PlanMine (to_Smed_v1, uc_Smed_v1, ox_Smed_v1, mu_Smed_v1, 
dd_Smed_v4) [46]. Reciprocal blast (blastp) of the top hits (e-value cut off 1X10-10) for 
each protein was performed to the S. mansoni genome version 5.0. to confirm homology. 
Planarian sexual transcriptome: Planarian genes obtained from blast analysis of 
schistosome differentially expressed genes to PlanMine transcriptomes (above) were also 
compared (gene ID match, ³1.5X, e value cut off 10-10) to genes enriched in the sexual 
strain of Schmidtea mediterranea, which has been previously published [45] (S3 Table). 
Planarian culture and RNAi 
Sexual planarians were maintained in 0.75X Montjuïc salts at 18°C [33]. Animals were 
fed organic calf liver puree and starved for 1 wk before use. 4-6 planarians were fed 
dsRNA (6 feedings over a period of ~1 month) synthesized by in vitro transcription (0.4–
1 µg of RNA mixed with 100 µL of 3:1 liver:Montjuïc salts). Control animals were fed 
dsRNA synthesized from the bacterial ccdb gene inserted in pJC53.2 [44]. 
In situ hybridization (ISH) 
Schistosomes: ISH was performed as described previously [22,99]. Briefly, male and 
female parasites were separated and relaxed by incubation in 0.2% ethyl 3-
aminobenzoate methanesulphonate (Sigma-Aldrich, E10521) dissolved in Basch’s 169 
medium. The parasites were then killed in 0.6 M MgCl2 for 1-2 minutes, followed by 
fixation in 4% formaldehyde (in PBSTx) for 4 hours. After fixation, parasites were 
washed 1X in PBSTx (0.3% Triton X-100), and directly dehydrated in 100% methanol 
and stored at -20°C until use. Samples were rehydrated in PBSTx and bleached for 1-2 
hours in Formamide bleaching solution (0.5% Formamide, 0.5% SSC, and 1.2% H2O2). 
Post bleaching, samples were treated with Proteinase K (10 µg/ml Life Technologies 
25530049) + SDS (1%) in PBSTx for 30 minutes at room temperature under gentle 
agitation. Samples were post-fixed in 4% Formaldehyde in PBSTx. Riboprobe 
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hybridization and detection were performed as described previously [22,99]. Plasmids 
used for riboprobe synthesis were generated as described previously [39]. 
Planarians: Planarian ISH was performed as described previously [39]. 
EdU labeling and detection 
Parasites cultured in Basch’s 169 medium were pulsed with 10 µM EdU (Thermo Fisher 
Scientific A10044) overnight (~16 hours) and animals were fixed using the fixation 
protocol for ISH. EdU detection was performed as described [22] using AlexaFluor 488 
azide conjugate. 
Quantitative RT-PCR 
Total RNA from control and test male worms was reverse transcribed using iScript 
cDNA synthesis kit (BioRad, 1708891). Quantitative real-time PCR was performed using 
the GoTaq qPCR kit with SYBR Green (Promega, A6002) on an Applied Biosystems 
Step One Plus machine. Transcript levels were normalized to the mRNA levels of 
proteasome subunit beta type-4 (Smp_056500). Relative quantities were calculated using 
DDCt. Data represent results from three technical replicates. Error bars represent 95% 
confidence intervals. Oligonucleotide primers are as follows: nos1 forward primer: 
TGTCCATTATGCGGTGCTAC, nos1 reverse primer: 
GGTTCCAACAAACCAGCTTC, proteasome forward primer: 
CCAATATGCACAGGGACATC; proteasome reverse primer: 
GGCTAGGGAGCCATATGAAA. 
Imaging and quantitation of RNAi phenotypes 
Colorimetric ISH samples were mounted in 80% glycerol and images were captured with 
a Leica DFC420 camera mounted on a Leica M205A stereomicroscope (Leica, Wetzlar, 
Germany). For confocal imaging, FISH samples were mounted in Vectashield and 
images were obtained on a Zeiss LSM 710 or 700 confocal microscope (Carl Zeiss) using 
either a 20X or 40X (water) objective. Images were processed (cropping, brightness and 
contrast adjustments to entire image) using Adobe Photoshop CS4/CS5 and/or Zen 
2008/9/11. ImageJ [100] was used for quantification.  
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Schistosome surgical transplantation 
~5 week old male and female parasites were obtained by hepatic portal vein perfusion 
and in vitro RNAi was performed for ~7 days. Parasites were transplanted into the cecal 
vein of the mouse intestine using essentially the same procedure as described previously 
[87,88]. Paired worms were injected as much as possible, however, in some cases it is not 
clear if the females are present in the gynecophoral canal [88]. Since the male worms 
provide transportation and muscular support to females and are required for maintenance 
of sexual maturity [4], only mice injected with at least 3 paired worms and mice injected 
in the range of 3-7 male worms were considered for granuloma detection and 
quantification. 2 weeks post-surgery, mice were sacrificed, livers imaged, granulomas 
quantified, and perfusion was performed to recover the injected worms. Of the injected 
male parasites, >57% were recovered [88]. Due to the small size and spindly shape of the 
female worms, not all the female worms which were injected could be recovered. The 
numbers of worms injected and recovered are summarized in S6 Table. 
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4.6 Figures and Tables 
Figure 4.1. Genes enriched in male germ cells of S. mansoni identified by RNA-Seq. A. Sexually 
mature male worms were irradiated at 200 Gy and incubated in vitro for 3 days to allow germ cell turnover. 
Male schistosomes have 4-9 testis lobes situated anteriorly and RNA was extracted from the anterior 
portion of the animals to enrich for male germ cells. B. Microscopic validation of male germ cell loss was 
performed before RNA-Seq. Scale bars, 50 µm. C-F. ISH was performed to validate expression of genes 
downregulated by irradiation in male schistosomes. C. A majority of the genes tested were enriched in the 
male gonad with no detectable somatic expression. D. Examples of genes expressed in male germ cells 
showing weak somatic expression. E. Examples of genes expressed in male germ cells with strong somatic 
expression. F. Genes with strong somatic expression and therefore expression in testis is difficult to 
determine. Scale bars, 100 µm. 
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Figure 4.2. Conserved genes required for germ cell development in planarians and schistosomes. A. 
251 of the differentially expressed schistosome germ cell genes have homologs in S. mediterranea; 25 
genes have homologs in other systems, but not in S. mediterranea; 124 genes show no homology to any 
planarian genes or genes annotated in other systems on NCBI. B. Workflow to identify genes with 
conserved germ cell functions in planarians and schistosomes. C-D’. Confocal projections of planarian 
(images representative of 4-6 animals) and schistosome (images representative of 8-12 animals) testis lobes 
following RNAi of conserved genes and fluorescent in situ hybridization (FISH) for germinal histone H4. 
gH4 is pseudocolored in magenta and labels undifferentiated germ cells and neoblasts; DAPI is 
pseudocolored in grey. C,C’. RNAi of genes with conserved roles in male germ cell maintenance in (C) S. 
mediterranea, scale bars, 50 µm and (C’) S. mansoni, scale bars, 50 µm. Following the knockdown of tcte1, 
rad51 or mcm3 (C and C’), there are few or no remaining male germ cells; the remaining gH4+ labeling is 
in the neoblasts of planarians and schistosomes. Planarian tcte1(RNAi) animals show some remnant sperm. 
D,D’. RNAi of genes with conserved function in male germ cell meiotic progression in (D) S. 
mediterranea, scale bars, 50 µm and (D’) S. mansoni, scale bars, 10 µm. Testis lobes of bol1, hor1 or kel10 
knockdown animals have fewer differentiated cells relative to control animals. Individual schistosome testis 
lobes are outlined wherever possible for easier visualization of the RNAi phenotype.  
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Figure 4.3. Characterization of germinal Histone H4 expression in male S. mansoni.  A. In male 
schistosomes, gH4 is expressed in a subset of germ cells and somatic cells. Irradiation results in loss of gH4 
labeling, both in the soma and the testis. Scale bars, 50 µm. B. In the testis, gH4 is expressed in large 
circular cells with low DAPI intensity characteristic of undifferentiated male germ cells. Scale bars, 10 µm. 
C. gH4+ cells in the schistosome testis are also EdU+, indicating that the gH4+ cells are actively cycling. 
Scale bars, 20 µm. EdU is a thymidine analog which gets incorporated into DNA during the S phase of the 
cell cycle. The EdU+gH4- cells are likely to be spermatocytes.  
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Figure 4.4. RNAi screen of male germ cell-enriched genes reveals a range of male gametogenesis 
defects in schistosomes. Confocal projections of schistosome testis lobes following RNAi of genes 
obtained from RNA-Seq and gH4 FISH. A. Genes required for testis maintenance. RNAi of these genes 
results is the loss of all or most male germ cells. Most of the remaining gH4 label is in the neoblasts of the 
parasite. Scale bars, 50 µm. B. RNAi of these genes results in testis lobes smaller than that of control 
animals but some male germ cells remain. Scale bars, 50 µm. C. Genes required for meiotic progression or 
early male germ cell differentiation. Following RNAi of these genes, testis lobes are almost entirely made 
of gH4+ early male germ cells and very few differentiated (gH4-) cells are seen. Scale bars, 10 µm. D. 
Genes necessary for spermiogenesis, the final step in maturation of spermatids to spermatozoa. Following 
RNAi of these genes, testis lobes do not contain sperm (elongate, DAPI-rich structures) observed in the 
control animals (yellow arrows and inset). Scale bars, 10 µm. Panels C and D were imaged at a higher 
magnification for better resolution of cell morphology of individual cells in the testes. These images are 
confocal sections that are representative of the other sections of individual testis lobes. Testis lobes are 
outlined wherever necessary for easier visualization of the RNAi phenotype. All images are representative 
of 8-12 animals. 
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Figure 4.5. Genes necessary for testis maintenance resulting in small testis lobes following RNAi. A. 
RNAi of these genes results in smaller testis lobes compared to control animals, but there is no loss of a 
specific male germ cell population. Scale bars, 50 µm. Images represent confocal projections of animals 
(representative of 8-12 animals) following RNAi and gH4 FISH; testis lobes have been outlined for better 
visualization of the RNAi phenotype. B. Quantification of this phenotype. The area of all testis lobes from 
5-6 male schistosomes was measured following RNAi using ImageJ. One-way ANOVA was performed; 
graph shows mean+standard deviation. Test RNAi animals have significantly smaller testis lobes 
(P<0.0001) compared to control animals.  
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Figure 4.6. Genes necessary for meiotic progression of male germ cells. A. RNAi of these genes results 
in testis lobes containing largely gH4+ early germ cells, with few or no differentiated cells. Scale bars, 10 
µm. Images represent confocal projections of animals (representative of 8-12 animals) following RNAi and 
gH4 FISH; testis lobes have been outlined for better visualization of the RNAi phenotype. B. 
Quantification of this phenotype. Ratio of number of non gH4+ cells to gH4+ cells per testis lobe for all the 
testis lobes from 5-6 male schistosomes following RNAi was determined. One-way ANOVA was 
performed; graph shows mean+standard deviation. Test RNAi animals have significantly fewer 
differentiated cells (gH4-) (P<0.0001) compared to control animals. 
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Figure 4.7. Low magnification images of the meiotic defect. Confocal microscopy at 20X magnification 
following RNAi of genes necessary for meiotic progression of male germ cells. Testis lobes contain 
clusters of gH4+ cells with few differentiated (gH4-) cells. Images are confocal projections representative of 
8-12 animals following RNAi and gH4 FISH. Scale bars, 50 µm. 
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Figure 4.8. Genes necessary for formation of mature spermatozoa or spermiogenesis. A. RNAi of 
these genes results in testis lobes with fewer sperm (elongate DAPI-rich structures) seen in control animals 
(highlighted using a yellow box). Scale bars, 10 µm. Confocal sections are representative of the other 
sections of individual testis lobes. Images representative of 8-12 animals following RNAi and gH4 FISH 
are shown; testis lobes have been outlined for better visualization of the RNAi phenotype. B. Quantification 
of this phenotype. Total number of mature spermatozoa per scan of a male schistosome was determined for 
8-12 parasites. One-way ANOVA was performed; graph shows mean+standard deviation. Test RNAi 
animals have significantly fewer elongate spermatozoa (P<0.0001) compared to control animals. 
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Figure 4.9. Genes required for male germ cell maintenance in vitro. Control animals show normal testis 
lobes with robust gH4 expression. Following RNAi of NGC genes, all or most germ cells are lost and most 
of the remaining gH4 labeling is in the neoblasts. Images are confocal projections of gH4 FISH following 
RNAi (representative of 8-12 animals). An image of nos1(RNAi) is included in this figure for comparison. 
Anterior is on top in all images. Scale bars, 50 µm. 
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Figure 4.10. Genes required for testis maintenance are also expressed in the female reproductive 
system. Panels show expression of the genes necessary for male germ cell maintenance (NGC genes) in 
testis, ovary, and vitellaria (vitellaria provide shell and nutrients to the egg). Scale bars, 100 µm.   
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Figure 4.11. Genes necessary for testis maintenance also function in the female gonad. A. Genes 
necessary for testis maintenance, for e.g. cdt1, myb, rad51, and Smp_158930, are also expressed in the 
ovary and vitellaria by ISH. Scale bars, 100 µm. B. RNAi of NGC genes, followed by nos1 whole mount 
ISH, shows reduction or loss of nos1 expression in the testis, as well as ovary and vitellaria. Images are 
representative of 6-13 animals. Scale bars, 100 µm.   
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Figure 4.12. Knockdown of NGC genes results in reduced nos1 expression. A. Quantitative real time 
PCR showing reduced levels of nos1 transcript in male schistosomes following RNAi of NGC genes. B. 
RNAi of the other NGC genes (in addition to the genes described in Fig 4), also resulted in reduced 
expression of the nos1 transcript in testis, ovary, and vitellaria. Scale bars, 100 µm.  
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Figure 4.13. Candidate genes are necessary for granuloma formation in the mammalian host. A. 
Experimental scheme for determining the requirement of a gene for granuloma formation in mouse. 
Following RNAi of nos1, uac, and Smp_158930, parasites were transplanted into mesenteric veins of 
healthy mice and sacrificed after ~14 days to recover the worms. B. Transplanted and recovered parasites 
show reduced expression of nos1 transcript as observed in RNAi experiments. Images are representative of 
4-6 animals. Scale bars, 100 µm.  C-D. Knockdown of nos1, uac, or Smp_158930 resulted in significantly 
fewer granulomas on the liver.  
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Figure 4.14. Alternative representation of transplantation data. A. Graph depicting percentage of mice 
displaying different levels of granuloma formation for each gene. The severity of granuloma formation was 
Mice with severe granuloma formation have >300 granulomas on the liver, mice with intermediate 
granuloma formation have 100-299 granulomas on the liver, mice with low granuloma formation have 50-
99 on the liver, mice with very low granuloma formation have 0-49 granulomas on the liver. Sample sizes 
in S7 Table. B. Representative images of a mouse liver from each condition displaying the corresponding 
degree of granuloma formation.	
153
Table 4.1. 400 genes are differentially expressed between control and irradiated animals. 
*Sorted by fold change
Feature ID
t-test: Control vs
Irradiated original
values - Fold change
t-test: Control vs
Irradiated
original values - P-
value
Control - 
Means
Irradiated - 
Means Annotations - Database object name
Smp_017240 -12.1236434 0.011901609 0.879807 0.072569521 Unannotated
Smp_055740 -10.8579482 4.94774E-06 18.59103658 1.712205317 Nanos RNA binding domain, putative
SmVAL26 -10.6477457 0.036957494 0.802900625 0.075405692 venom allergen-like (VAL) 26 protein
Smp_129710 -9.2013567 0.000291826 5.161972403 0.56100123 Uveal autoantigen with coiled-coil domains and ankyrin repeats protein, putative
Smp_131630 -9.0726069 0.0002247 5.820875043 0.641587924 protein kinase
Smp_154860 -8.8944747 0.003606763 3.949623552 0.444053607 hypothetical protein
Smp_196950 -8.6935899 0.005111721 5.603694284 0.644577708 one cut domain family member, putative
Smp_179320 -8.2463222 8.43391E-06 22.06038721 2.675178906 eukaryotic translation initiation factor 2c, putative
Smp_149260 -8.2454597 2.16671E-05 5.620808747 0.68168531 kinesin eg-5, putative
Smp_079560 -8.2314023 2.62539E-05 12.50152179 1.518759669 DNA replication licensing factor MCM2, putative
Smp_169930 -7.8399675 0.00225507 15.22529646 1.942010161 hypothetical protein
Smp_016240 -7.7120058 0.001470704 1.244573234 0.161381262 hypothetical protein
Smp_157180 -7.7110167 0.000148285 2.193941912 0.284520444 hypothetical protein
Smp_176000 -7.6709972 0.000222165 2.678481077 0.349169869 myosin V, putative
Smp_137390 -7.3178603 5.30872E-06 10.3174873 1.409904921 slbp-P1-related
Smp_157190 -7.2401814 0.012271831 0.764615575 0.10560724 hypothetical protein
Smp_061500 -7.1460997 0.017550602 0.148580285 0.020791801 methyltransferase-related
Smp_154830 -7.0913639 0.000361218 4.103022343 0.578594248 hypothetical protein
Smp_046280 -7.0180820 0.00104706 7.481805262 1.066075502 hypothetical protein
Smp_158950 -6.9450438 5.6171E-06 2.402664179 0.345953783 kinase, putative
Smp_155390 -6.9229932 3.97394E-05 4.958110819 0.71618022 Unannotated
Smp_134600 -6.7440047 0.026312685 0.588947616 0.087329064 Unannotated
Smp_041540 -6.5429742 0.000745903 86.3330682 13.19477435 Hormone receptor 4 (dHR4), putative
Smp_144860 -6.5425517 0.005233337 40.63102598 6.210272084 boule-related
Smp_194820 -6.5385159 5.66033E-06 4.000861714 0.611891409 DNA repair and recombination protein rad54-related
Smp_086860 -6.4801101 0.000451938 36.80973495 5.680418174 histone H2A, putative
Smp_154080 -6.4439785 6.0283E-05 8.486468405 1.316961003 hypothetical protein
Smp_187030 -6.4242543 0.000304289 2.075961006 0.323144275 Unannotated
Smp_011180 -6.4086444 0.001439922 2.567186567 0.400581841 late embryogenesis abundant protein , putative
Smp_162340 -6.2906595 0.001347926 2.291414497 0.364256643 phosphatidylinositol 3- and 4-kinase, putative
Smp_078720 -6.2710819 0.000375124 0.866010353 0.138095844 hypothetical protein
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t-test: Control vs
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Irradiated
original values - P-
value
Control - 
Means
Irradiated - 
Means Annotations - Database object name
Smp_162740 -6.2618138 0.007092517 3.422497881 0.546566537 hypothetical protein
Smp_176260 -6.1374636 2.95726E-05 31.07289707 5.062823872 hypothetical protein
Smp_143490 -6.0666250 3.59067E-06 14.667911 2.417804129 DNA replication licensing factor MCM5, putative
Smp_065150 -6.0194745 6.68676E-06 14.16555101 2.353287002 establishment of cohesion 1 (eco1) homolog, putative
Smp_153520 -5.9926057 0.000736289 8.451786936 1.41036926 hypothetical protein
Smp_054610 -5.8983980 0.000120062 3.144198124 0.533059677 Unannotated
Smp_013970 -5.7968760 0.000338298 8.15968237 1.40759996 Unannotated
Smp_146390 -5.7620283 0.043311636 0.224627534 0.038984108 acetylcholine receptor beta, putative
Smp_119910 -5.6941536 0.000148189 8.09389456 1.421439447 hypothetical protein
Smp_193330 -5.6682710 5.49619E-05 4.236258497 0.747363441 hypothetical protein
Smp_026030 -5.6681077 0.000197479 2.744697386 0.48423522 DNA repair and recombination protein rad54-related
Smp_129410 -5.6549510 0.000146055 14.05289523 2.485060481 Unannotated
Smp_132950 -5.6240836 4.87459E-05 11.13128753 1.979218001 hypothetical protein
Smp_016870 -5.6233451 9.3189E-05 7.654902466 1.361272048 protein regulator of cytokinesis 1 prc1, putative
Smp_128140 -5.6220514 0.006777018 0.911906492 0.162201735 ATP-dependent DNA helicase mer3, putative
Smp_009600 -5.5545826 0.000124891 12.00247126 2.160823274 serine/threonine kinase
Smp_128200 -5.4988395 0.000317048 6.484947223 1.179330142 rabkinesin-6 - related
Smp_169970 -5.4917625 4.66848E-05 8.33822658 1.518315212 paramyosin, putative
Smp_051290 -5.4540541 0.004416002 7.488750897 1.373061356 Unannotated
Smp_133990 -5.4468347 0.000474448 2.296652005 0.421648927 topbp1, putative
Smp_021590 -5.4268414 0.000675492 11.06734 2.03937045 rac gtpase activating protein, putative
Smp_072560 -5.4089938 0.000388797 11.02658414 2.038564745 hypothetical protein
Smp_051920 -5.4027107 0.000543391 19.04677643 3.525411158 hypothetical protein
Smp_173450 -5.3803407 2.96975E-05 2.572748473 0.478175753 kif4a, putative
Smp_026400 -5.3112351 0.000320656 4.241365717 0.798564854 thyrotroph embryonic factor related
Smp_176010 -5.2663856 6.81359E-06 1.990340808 0.377932978 hypothetical protein
Smp_061210 -5.2549720 0.001032397 6.681494104 1.271461409 hypothetical protein
Smp_062490 -5.2478836 0.005729214 3.283208852 0.625625313 dhand, putative
Smp_152200 -5.2105218 0.022089691 3.949837872 0.758050349 m-phase inducer phosphatase(cdc25), putative
Smp_071890 -5.1945503 5.34653E-06 2.293661184 0.441551447 hypothetical protein
Smp_135900 -5.1893644 8.48881E-06 4.977819361 0.959234876 DNA double-strand break repair rad50 ATPase, putative
Smp_142220 -5.1794265 0.025876189 5.911115647 1.141268363 apobec-1 complementation factor, putative
Smp_199870 -5.1522902 0.000207593 5.788415562 1.123464583 Unannotated
Smp_067260 -5.1011009 0.001864642 4.205638297 0.824456995 transforming growth factor-beta receptor type I, putative
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Smp_128160 -5.0459509 0.002921109 1.898654811 0.376272943 hypothetical protein
Smp_047610 -5.0322458 2.61404E-05 6.802636556 1.351809271 cell division control protein 45-related
Smp_095350 -5.0294568 0.002168238 0.526154996 0.104614676 zinc finger protein, putative
Smp_158790 -5.0120149 0.001819431 1.954323023 0.389927616 hypothetical protein
Smp_151560 -4.9734174 0.00124351 1.605647945 0.322846006 DNA replication licensing factor MCM1, putative
Smp_179710 -4.9516333 0.000239864 7.192959511 1.45264381 serine hydroxymethyltransferase putative
Smp_144160 -4.8895198 0.000582783 1.796179098 0.367352864 hypothetical protein
Smp_141160 -4.8660861 5.84658E-05 10.1337597 2.082527811 hypothetical protein
Smp_132430 -4.8038227 0.02222538 0.601574794 0.12522835 hypothetical protein
Smp_172530 -4.7172970 3.72146E-05 15.03350857 3.186890385 DNA replication licensing factor MCM4, putative
Smp_145470 -4.6973180 0.000219965 2.468772558 0.525570672 zinc finger protein, putative
Smp_147880 -4.6659408 0.017767918 1.604813438 0.343942094 Unannotated
Smp_125190 -4.6614930 0.002606539 13.022052 2.793536751 hypothetical protein
Smp_141430 -4.5887262 0.002328327 1.465904664 0.319457866 Unannotated
Smp_149490 -4.5731721 0.001469778 3.833321716 0.838219429 hypothetical protein
Smp_178420 -4.4463453 0.008146238 0.736506138 0.165643038 hypothetical protein
Smp_143460 -4.4221044 0.000199531 17.03286823 3.851756223 hypothetical protein
Smp_079050 -4.3776033 0.000367858 17.48231542 3.993581464 DNA primase large subunit, putative
Smp_153080 -4.3550990 0.028853478 0.879469215 0.20194012 Unannotated
Smp_125760 -4.3295258 6.38079E-05 2.006033289 0.463337876 prokaryotic DNA topoisomerase, putative
Smp_028050 -4.3272458 0.000232224 3.387385165 0.782803967 Unannotated
Smp_198810 -4.2958022 0.02466156 0.270342438 0.062931771 serine/threonine kinase
Smp_174560 -4.1832012 0.035979116 0.298507212 0.07135856 Unannotated
Smp_181870 -4.1716907 0.001072977 1.964601734 0.47093658 DNA replication licensing factor MCM8, putative
Smp_138470 -4.1642835 4.41713E-05 38.93986049 9.350914856 Unannotated
Smp_197740 -4.1577069 0.00123647 1.113999372 0.267936006 Unannotated
Smp_056350 -4.1575463 0.000483292 10.30419757 2.478432404 mitotic spindle assembly checkpoint protein mad2-  related
Smp_050310 -4.1529481 0.033398287 1.198255392 0.288531268 hypothetical protein
Smp_132660 -4.1494865 0.00672778 1.168023408 0.281486252 guanine-nucleotide-exchange-factor, putative
Smp_199150 -4.1389454 0.001705627 1.689179642 0.408118364 DNA repair protein rad51 homolog 3, r51h3, putative
Smp_171320 -4.1364710 0.006371384 0.696452724 0.168368818 invadolysin (M08 family)
Smp_128870 -4.1157368 0.000155538 4.091797365 0.994183429 nibrin-related
Smp_061220 -4.1119829 0.00712033 7.660402796 1.862946168 Unannotated
Smp_162860 -4.0787662 9.13428E-05 1.549250578 0.379833137 Unannotated
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Smp_151950 -4.0452895 0.015402949 0.487217703 0.120440752 zinc finger protein, putative
Smp_144740 -4.0282280 0.001672334 1.237652954 0.307245009 4.1 G protein, putative
Smp_165430 -3.9980078 0.009299702 1.752066353 0.438234851 Unannotated
Smp_154090 -3.9671915 0.002662861 8.343257988 2.103064088 Unannotated
Smp_135290 -3.9465230 0.000797882 6.233014655 1.579368637 Unannotated
Smp_161830 -3.9463907 0.030994501 7.194202526 1.822982862 Unannotated
Smp_080730 -3.9197042 0.000191188 27.64333843 7.052404144 serine/threonine kinase
Smp_154940 -3.9073178 0.000285483 6.508326692 1.665676299 Unannotated
Smp_172610 -3.8902469 0.001488551 7.34093171 1.887009223 hypothetical protein
Smp_155500 -3.8817934 0.000941421 0.902622365 0.232527154 DNA polymerase theta, putative
Smp_032500 -3.8632351 7.12304E-05 13.1609407 3.40671495 DNA replication licensing factor MCM7, putative
Smp_159520 -3.8541696 0.00307294 1.103245212 0.286247188 hypothetical protein
Smp_076600 -3.8161134 0.001201373 1.392688496 0.364949451 sox transcription factor
Smp_127670 -3.7505442 0.014963554 5.546494217 1.478850506 hypothetical protein
Smp_135390 -3.7378596 0.004005197 7.621843165 2.039092933 hypothetical protein
Smp_160630 -3.7341188 0.005506174 2.838245338 0.760084371 DNA repair protein rad51 homolog 3, r51h3, putative
Smp_142680 -3.7314303 0.00058744 1.967781768 0.52735322 long-chain-fatty-acid--CoA ligase
Smp_016540 -3.7297146 0.002910179 5.381806661 1.442954033 hypothetical protein
Smp_171690 -3.7213421 0.005960003 1.581260945 0.424916842 properdin, putative
Smp_163020 -3.7078277 0.010218365 0.643612602 0.173582123 RU2S , putative
Smp_082490 -3.7033604 0.000326237 31.33245016 8.460545733 cyclin B, putative
Smp_151360 -3.7022067 0.000211237 4.408877133 1.190878156 Unannotated
Smp_193360 -3.6720869 0.000111643 3.393761709 0.924205172 hypothetical protein
Smp_172010 -3.6605781 0.000780835 10.27743527 2.807598996 caspase-7 (C14 family)
Smp_128210 -3.5992200 0.001373245 2.156693584 0.599211372 claspin-like protein
Smp_184420 -3.5875000 0.046104679 1.535781996 0.428092546 Unannotated
Smp_154800 -3.5812444 0.035800348 2.899381718 0.809601752 hypothetical protein
Smp_174820 -3.5653816 0.001719487 4.01770439 1.126865169 serine/threonine kinase
Smp_047620 -3.5517279 0.004903019 6.657725418 1.874503204 cyclin B3, putative
Smp_152910 -3.5405799 0.002464765 1.570761225 0.443645191 hypothetical protein
Smp_040020 -3.5250722 0.000272738 7.152462273 2.029025759 centromere protein A (cenp-A) (centromere autoantigen A), putative
Smp_130450 -3.4578904 0.0065079 3.29365641 0.952504579 bicaudal C -like protein
Smp_151860 -3.4526925 0.013384606 0.422510278 0.122371243 inositol 1,4,5-trisphosphate receptor, putative
Smp_133660 -3.4382374 0.000903241 4.771026684 1.387637357 Unannotated
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Smp_133460 -3.3554086 0.041133252 0.893920908 0.26641194 rhoptry protein, putative
Smp_199590 -3.3469663 0.012674027 0.563982795 0.168505671 transient receptor potential cation channel, subfamily m, member, putative
Smp_152490 -3.3326917 0.006085027 8.26092189 2.478753723 Cyclin-B1-interacting protein 1, putative
Smp_132510 -3.2810348 0.000790555 4.146706687 1.263841125 breast cancer type 1 susceptibility protein brca1, putative
Smp_145570 -3.2648221 0.007063296 9.127216883 2.795624563 hypothetical protein
Smp_054840 -3.2518040 0.000246364 19.61817446 6.033012543 DNA replication licensing factor MCM2, putative
Smp_052390 -3.2454536 0.000249067 4.239621019 1.306326184 origin recognition complex subunit, putative
Smp_031020 -3.2190840 0.03092875 0.521507186 0.162004839 Unannotated
Smp_166150 -3.1740187 0.017334668 3.326928508 1.048175445 serine/threonine kinase
Smp_072500 -3.1597617 0.00571948 4.918387216 1.55656903 Unannotated
Smp_099090 -3.1514145 0.016014187 1.863657924 0.591371881 alpha(1,3)fucosyltransferase, putative
Smp_158800 -3.1344251 0.013144553 5.181913355 1.653226068 hypothetical protein
Smp_204600 -3.1219253 0.000234968 1.656226187 0.530514349 Unannotated
Smp_209060 -3.1091345 0.000517806 4.821533576 1.550763894 alpha(1,3)fucosyltransferase, putative
faa2 -3.1021509 0.002464286 0.886722812 0.285841287 long-chain-fatty-acid--CoA ligase
Smp_136100 -3.0987357 0.013105901 3.994730757 1.289148595 kelch-like protein
Smp_144720 -3.0931675 0.004384891 2.827509924 0.914114705 hypothetical protein
Smp_144670 -3.0918189 0.010670299 5.369694153 1.736742792 Unannotated
Smp_142040 -3.0814496 0.006842556 4.168335063 1.352718886 serine-rich repeat protein , putative
Smp_135890 -3.0734883 0.021173193 1.262086026 0.410636348 hypothetical protein
Smp_143970 -3.0688534 0.003957409 4.348471995 1.416969586 kelch-like protein
Smp_124280 -3.0639693 0.000579604 2.875788306 0.938582601 Unannotated
Smp_176500 -3.0575135 0.006727204 2.80621461 0.917809405 mitotic and DNA damage checkpoint protein hus1, putative
Smp_105780 -3.0546388 0.036935165 11.7880577 3.859067575 Uro-adherence factor A precursor, putative
Smp_171370 -3.0411470 0.006115054 9.183126703 3.019626066 serine/threonine kinase
Smp_143590 -3.0112201 0.028886069 40.05462997 13.30179398 hypothetical protein
Smp_210110 -3.0049128 0.002654686 3.389731393 1.128063146 SPFH domain / Band 7 family protein, putative
Smp_178260 -3.0038515 0.002072442 2.275513639 0.757531992 DNA polymerase alpha catalytic subunit, putative
Smp_022870 -2.9898652 0.009063179 4.784549539 1.600255914 hypothetical protein
Smp_028130 -2.9754810 0.017287324 1.92165726 0.645830785 Unannotated
Smp_091210 -2.9487868 0.00352022 8.129098066 2.75676018 hypothetical protein
Smp_169410 -2.9411746 0.002630752 2.26860326 0.77132559 hypothetical protein
Smp_139380 -2.9362459 0.029064255 9.34590219 3.182942616 Spindle assembly checkpoint component MAD1 (Mitotic arrest deficient protein 1), putative
Smp_143940 -2.9240177 0.003234289 0.580967067 0.198687942 dynein light intermediate chain, putative
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Smp_200830 -2.9178372 0.009751404 0.92848595 0.318210334 Unannotated
Smp_140240 -2.9121894 0.000269064 12.20004522 4.18930345 hypothetical protein
Smp_169830 -2.9114130 0.020689858 3.261554191 1.120265052 Unannotated
Smp_136340 -2.9088058 0.040176565 0.984180701 0.338345273 Serine/threonine-protein kinase TAO1-A, putative
Smp_164560 -2.9028067 0.000243247 4.276854127 1.473351327 Unannotated
Smp_169380 -2.8880375 0.003987274 1.166097014 0.403767965 protein tyrosine phosphatase, putative
Smp_073300 -2.8782273 0.000406777 34.5819237 12.01500795 hypothetical protein
Smp_143600 -2.8757152 0.030054183 3.524210221 1.225507373 normocyte-binding protein 1, putative
Smp_144500 -2.8741480 0.011066716 7.557091477 2.629332722 Unannotated
Smp_144730 -2.8549723 0.01323045 2.677087724 0.937693073 Unannotated
Smp_145580 -2.8514700 0.010980403 16.27335182 5.707004434 Unannotated
Smp_170980 -2.8440100 0.006750982 6.402300232 2.251152524 hypothetical protein
Smp_109320 -2.8408147 0.013550216 33.89779686 11.93242099 hypothetical protein
Smp_170700 -2.8305405 0.032779615 2.995728794 1.058359286 WD-repeat protein, putative
Smp_171000 -2.8176052 0.012054856 8.588222228 3.048057362 Unannotated
Smp_075110 -2.8065514 0.000257533 6.547494316 2.332932306 rad1 DNA damage checkpoint protein, putative
Smp_179670 -2.8041482 0.016834904 37.03464171 13.20709145 hypothetical protein
Smp_205410 -2.8008956 0.006287875 89.78244208 32.05490492 Unannotated
Smp_069600 -2.7841313 3.21657E-05 5.973352404 2.145499514 hypothetical protein
Smp_141710 -2.7665420 0.005476178 2.578442908 0.932009321 Hypothetical protein, putative
Smp_137090 -2.7644311 3.86661E-05 2.523861564 0.912976837 brca1 associated ring domain, putative
Smp_155090 -2.7433393 0.035377045 2.652071925 0.966731275 hypothetical protein
Smp_140220 -2.7409441 0.024261197 1.185527331 0.432525169 hypothetical protein
Smp_160310 -2.7311685 0.015231931 1.418587118 0.519406663 lysosomal alpha-mannosidase (mannosidase alpha class 2b member 1), putative
Smp_176570 -2.7295239 0.003891922 4.198644179 1.538233177 hypothetical protein
Smp_172150 -2.7145444 0.010799401 3.858048786 1.421250962 ATP-dependent RNA helicase, putative
Smp_078910 -2.7042433 0.012428432 16.54243037 6.117212374 Unannotated
Smp_104450 -2.7009019 0.01895009 23.09960369 8.552551945 Unannotated
Smp_158360 -2.6972080 0.001674688 3.563125278 1.321042076 hypothetical protein
Smp_076320 -2.6921410 0.014112474 1.667255707 0.619304747 Unannotated
Smp_194950 -2.6836197 0.016145045 15.90242306 5.925736368 elav (embryonic lethal, abnormal vision, drosophila)-like protein
Smp_176130 -2.6765298 0.006210282 23.25835429 8.689742168 plasma membrane calcium-transporting atpase, putative
Smp_127070 -2.6744759 0.001310462 4.146492217 1.550394337 origin recognition complex subunit, putative
Smp_019200 -2.6571466 0.022242751 5.105422763 1.921392979 hypothetical protein
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Smp_148030 -2.6416400 0.045637509 2.787400931 1.055178178 hypothetical protein
Smp_077180 -2.6400873 0.002088629 3.844869959 1.456342002 serine/threonine kinase
Smp_063520 -2.6063512 0.03852415 3.1384843 1.204167865 irx-related
Smp_085690 -2.6042812 0.017470934 3.446916859 1.323557882 serine/threonine kinase
Smp_167610 -2.5500927 3.82444E-06 5.006180811 1.963136782 multidrug resistance-associated protein 4 (mrp/cmoat-related abc transporter
Smp_152670 -2.5425766 0.000494787 7.085587474 2.786774436 hypothetical protein
Smp_129960 -2.5083734 0.032045305 55.46284109 22.11107865 Unannotated
Smp_043430 -2.4938872 0.004953948 27.33185002 10.95953727 hypothetical protein
Smp_140350 -2.4938859 0.044038631 1.509102332 0.605120841 omeobox protein aristaless-related
Smp_004060 -2.4783201 0.004382221 7.876412591 3.178125601 cell division cycle 20 (cdc20) (fizzy), putative
Smp_135360 -2.4584726 0.002402755 11.96610809 4.867293641 serine/threonine kinase
Smp_144680 -2.4512195 0.016770357 27.65287114 11.28127104 Unannotated
Smp_123470 -2.3922373 0.043092927 2.379025915 0.994477381 nalp (nacht, leucine rich repeat and pyrin domain containing)-related
Smp_125040 -2.3881576 0.002776787 8.860692757 3.710263006 Epa2p-like protein
Smp_176710 -2.3730212 0.024793968 3.568225989 1.503663764 transcriptional factor nfil3/e4bp4, putative
Smp_137660 -2.3367202 0.004997836 8.445030509 3.614053004 rabkinesin-6, putative
Smp_062970 -2.3291222 0.005009914 7.951450592 3.413925926 WD-repeat protein, putative
Smp_145730 -2.3255516 0.016934326 1.417011954 0.609322953 hypothetical protein
Smp_123740 -2.3014425 0.037972974 0.596638154 0.259245296 Spectrin beta chain, putative
Smp_151850 -2.2964537 0.011129251 1.411725803 0.614741675 inositol 1,4,5-trisphosphate receptor, putative
Smp_158270 -2.2761273 0.017362618 0.608032653 0.26713473 Unannotated
Smp_130660 -2.2700923 0.045919671 3.202964893 1.410940399 Unannotated
Smp_171970 -2.2661536 0.004950946 2.789853287 1.231096264 Hypothetical protein, putative
Smp_146160 -2.2625298 0.000746655 7.139447387 3.155515354 Unannotated
Smp_175490 -2.2494941 0.029737279 4.918627826 2.186548431 androgen induced inhibitor of proliferation (as3) / pds5, putative
Smp_148690 -2.2421784 0.00010567 7.593694822 3.386748674 serine/threonine kinase
Smp_180890 -2.2360175 0.033471172 16.56503681 7.408276753 hypothetical protein
Smp_019760 -2.2348881 0.000514047 4.84334958 2.167155252 DNA polymerase theta, putative
Smp_027920 -2.2284845 0.000235737 49.92009101 22.40091479 tubulin alpha chain, putative
Smp_125850 -2.2222119 0.004695753 5.551359369 2.498123281 Unannotated
Smp_151040 -2.2174633 0.012025773 3.552892946 1.602233017 cyclin-dependent kinase 5 activator, putative
Smp_067620 -2.1982918 0.021424556 0.554898152 0.252422424 hypothetical protein
Smp_003790 -2.1956035 0.028028192 0.685332627 0.312138612 hypothetical protein
Smp_010450 -2.1802873 0.038179093 17.74972089 8.141000954 Unannotated
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Smp_170320 -2.1715214 0.004653404 5.732739108 2.639964409 Speedy protein 1-A (Spy1-A) (XSpy1-A)
Smp_166870 -2.1700097 0.023962707 14.80944657 6.824599118 hypothetical protein
Smp_167910 -2.1626085 0.039117328 1.876311689 0.867615067 Unannotated
Smp_151130 -2.1484457 0.009308085 0.607328647 0.282682797 Unannotated
Smp_040350 -2.1442855 0.00893747 6.615835324 3.085333167 rfx5, putative
Smp_042530 -2.1345166 0.019941962 5.852436238 2.741808682 WD-repeat protein, putative
Smp_135300 -2.1307693 0.012347096 6.056765907 2.842525391 hypothetical protein
Smp_158370 -2.1295769 0.032423393 1.294669883 0.607946989 tubulin tyrosine ligase-related
Smp_153810 -2.1270100 0.007907437 2.079191873 0.977518632 l-asparaginase I, putative
Smp_164950 -2.1261628 0.011865415 34.01224361 15.99700837 Unannotated
Smp_175790 -2.1258558 0.049687172 3.190839247 1.50096693 atpase, class VI, type 11c, putative
Smp_173720 -2.1232974 0.008200397 1.16638977 0.549329442 transient receptor potential cation channel, subfamily m, member, putative
Smp_143190 -2.1220907 0.039632949 2.238541481 1.0548755 hypothetical protein
Smp_175590 -2.1202151 0.014627351 12.0239558 5.671101854 tyrosine kinase
Smp_042810 -2.1193160 0.001107461 3.029256013 1.4293555 chromosome transmission fidelity factor, putative
Smp_145810 -2.1188185 6.89305E-05 18.91507862 8.927182039 poly [ADP-ribose] polymerase, putative
Smp_182600 -2.1121802 0.044162934 32.93098561 15.59099281 hypothetical protein
Smp_119020 -2.1038860 0.018526709 8.662759337 4.117504136 hypothetical protein
Smp_157450 -2.0845914 0.037269681 1.665855352 0.799127989 Unannotated
Smp_167540 -2.0749402 0.001320495 5.24054288 2.525635573 Ris2 protein , putative
Smp_140110 -2.0734482 0.00959383 14.28954355 6.89168102 hypothetical protein
Smp_011100 -2.0697592 0.029933496 0.413554472 0.199808015 M16 family peptidase, putative
Smp_094140 -2.0636233 4.70684E-05 16.59227376 8.040359966 DNA replication licensing factor MCM6, putative
Smp_200410 -2.0467126 0.002231093 27.75730488 13.5618969 Unannotated
Smp_080650 -2.0408694 0.011540254 3.763684339 1.844157325 hypothetical protein
Smp_043910 -2.0375040 0.004112451 2.041472976 1.00194797 tubulin tyrosine ligase-related
Smp_139530 -2.0283770 0.026239296 10.26925108 5.06279212 cellular tumor antigen P53, putative
Smp_141230 -2.0223939 0.024116301 5.201563573 2.571983477 serine/threonine kinase
Smp_042430 -2.0124417 0.013512065 14.55297651 7.231502277 hypothetical protein
Smp_196540 -2.0069915 0.033681511 17.42602544 8.682660278 Unannotated
Smp_151750 -2.0016102 0.001096344 17.70679565 8.84627586 hypothetical protein
Smp_155840 -1.9966822 0.007414188 5.769062009 2.889324126 cellular myosin heavy chain, putative
Smp_168590 -1.9922931 0.001760108 24.22371284 12.15870952 macrophage scavenger receptor-related
Smp_005140 -1.9734343 0.015413584 1.078094755 0.546303846 hypothetical protein
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Smp_153090 -1.9687221 0.024284781 0.682022475 0.346429027 Unannotated
Smp_008450 -1.9558299 0.006625943 1.219406527 0.623472687 leucine-rich repeat-containing protein, putative
Smp_110480 -1.9509354 0.031263266 34.97464304 17.92711497 Unannotated
Smp_154990 -1.9490862 0.031693161 1.803285556 0.925195373 SPFH domain / Band 7 family protein, putative
Smp_179940 -1.9486242 0.014576121 2.819375627 1.446854447 Spindle assembly checkpoint component MAD1 (Mitotic arrest deficient protein 1), putative
Smp_109090 -1.9470373 0.009747433 26.07016983 13.38966107 hypothetical protein
Smp_160900 -1.9131876 0.032615591 0.996201262 0.52070235 CCAAT-box DNA binding protein subunit B, putative
Smp_083710 -1.9047415 0.00116135 5.198871027 2.729436546 hypothetical protein
Smp_122820 -1.8976609 0.03950328 16.10505874 8.486795004 Unannotated
Smp_106040 -1.8947632 0.023854858 6.532047839 3.447421727 hypothetical protein
Smp_075720 -1.8930050 0.00242239 3.883437325 2.051466999 Leukocyte surface antigen CD53 (Cell surface glycoprotein CD53), putative
Smp_004730 -1.8802703 0.032393227 1.831251959 0.97393018 voltage-dependent calcium channel
Smp_160680 -1.8727637 0.004468392 4.038161722 2.15625805 hypothetical protein
Smp_124230 -1.8721448 0.020855995 10.63206957 5.679085045 DNA repair protein RAD51, putative
Smp_137780 -1.8718373 0.04366706 5.782215649 3.08905881 androgen induced inhibitor of proliferation (as3) / pds5, putative
Smp_205790 -1.8711581 0.048473755 9.056261823 4.839923282 Unannotated
Smp_018730 -1.8645378 0.02423578 2.923209205 1.567792983 Unannotated
Smp_203530 -1.8644538 0.000179306 5.132080953 2.752592224 Unannotated
Smp_147300 -1.8588479 0.000272191 9.818692903 5.282139069 sam/hd domain protein, putative
Smp_174360 -1.8556194 0.033640133 4.749014077 2.559260819 hypothetical protein
Smp_074830 -1.8487305 0.017883521 8.308641156 4.494241416 tubulin tyrosine ligase-related
Smp_157430 -1.8408564 0.048121875 7.101075665 3.857484849 norepinephrine/norepinephrine transporter, putative
Smp_160320 -1.8325499 0.009508558 0.864505436 0.471750024 DNA double-strand break repair rad50 ATPase, putative
Smp_155860 -1.8324342 0.036198122 2.499975667 1.364292165 hypothetical protein
Smp_131830 -1.8311835 0.032914722 1.324970989 0.723559931 Unannotated
Smp_161820 -1.8242490 0.00959114 17.50150937 9.593816198 Unannotated
Smp_032490 -1.8216359 0.00250148 18.37003681 10.08436273 tropomyosin, putative
Smp_055500 -1.8136428 0.008825666 1.441012299 0.7945403 DNA polymerase I, putative
Smp_165760 -1.8127435 0.003309373 2.581680316 1.424184022 hypothetical protein
Smp_153650 -1.8104716 0.018925549 3.339886864 1.84476075 camp-specific 3,5-cyclic phosphodiesterase, putative
Smp_130760 -1.8093604 0.045369791 6.712822351 3.710052665 histidine kinase, putative
Smp_194530 -1.8081560 0.000111985 4.476182923 2.475551232 hypothetical protein
Smp_168910 -1.8070373 0.02691959 1.698766553 0.940083839 Unannotated
Smp_212280 -1.8017641 0.017652123 4.50233733 2.498849541 dynein heavy chain, putative
Table 4.1 cont.
162
Feature ID
t-test: Control vs
Irradiated original
values - Fold change
t-test: Control vs
Irradiated
original values - P-
value
Control - 
Means
Irradiated - 
Means Annotations - Database object name
Smp_139420 -1.8008558 0.020806854 13.00197985 7.219889609 Unannotated
Smp_170710 -1.7859328 0.022580214 4.579455008 2.564181087 Protein C10orf118 (CTCL tumor antigen HD-CL- 01/L14-2), putative
Smp_174910 -1.7805762 0.001468414 34.46056568 19.35360308 importin alpha-related
Smp_172140 -1.7678428 0.022310451 26.81572496 15.1686136 Unannotated
Smp_141270 -1.7675275 0.046910584 9.96884686 5.639995445 subfamily C14A unassigned peptidase (C14 family)
Smp_157470 -1.7648964 0.029503537 6.106322023 3.459875677 hypothetical protein
Smp_078920 -1.7506730 0.000698096 8.837753794 5.048203524 hypothetical protein
Smp_174770 -1.7490599 0.011175577 2.669978867 1.526522225 coiled-coil flagellar protein , putative
Smp_176300 -1.7454817 0.018206912 1.092762321 0.626052017 dynein heavy chain, putative
Smp_150420 -1.7450882 0.003310147 2.752516075 1.577293363 Unannotated
Smp_180020 -1.7394060 0.040953631 3.832377583 2.20326806 lyst-interacting protein, putative
Smp_158930 -1.7375842 0.022504808 26.33838551 15.1580486 hypothetical protein
Smp_200520 -1.7357400 0.040938431 4.866292471 2.803583753 Unannotated
Smp_132220 -1.7276821 0.01791005 2.205628222 1.276640063 G-protein coupled receptor fragment, putative
Smp_123220 -1.7246421 0.021443971 3.714730754 2.153914041 hypothetical protein
Smp_034920 -1.7243939 0.013627225 1.747317017 1.013293461 dynein heavy chain, putative
Smp_180190 -1.7240245 0.010381102 8.870073284 5.144980846 hypothetical protein
Smp_170010 -1.7225023 0.02396549 9.597256278 5.571694198 Unannotated
Smp_173860 -1.7159991 0.013976998 5.972276293 3.48034941 Traf3ip1 protein , putative
Smp_018120 -1.7138205 0.029688374 0.93872613 0.547738875 kif9, putative
Smp_167810 -1.7135508 0.016568218 5.140695579 3.000025256 family C50 non-peptidase homologue (C50 family)
Smp_144950 -1.7033665 0.001106883 9.194097184 5.397603746 Centrosomal protein of 41 kDa (Cep41 protein) (Testis-specificprotein A14 protein), putative
Smp_162250 -1.7007099 0.000683707 4.160652427 2.446421032 rpgr-interacting protein 1 related
Smp_166420 -1.6877421 0.007605405 7.759315636 4.597453286 hypothetical protein
Smp_152220 -1.6864612 0.045465467 5.226434172 3.099053977 Unannotated
Smp_106750 -1.6818364 0.034173238 19.0885172 11.34980617 hypothetical protein
Smp_156370 -1.6809184 0.009529403 4.167718497 2.47942943 hypothetical protein
Smp_168020 -1.6784556 0.009831183 8.558566904 5.099072667 hypothetical protein
Smp_087010 -1.6760417 1.97054E-06 6.791398137 4.052046072 DNA polymerase delta catalytic subunit, putative
Smp_141850 -1.6749832 0.000727171 1.746786611 1.04286816 Unannotated
Smp_134200 -1.6708192 0.02522512 10.2967417 6.162690666 Unannotated
Smp_080320 -1.6681672 0.024329867 25.19542051 15.10365424 WD-repeat protein, putative
Smp_086220 -1.6656977 0.00448555 13.39466002 8.041471204 hypothetical protein
Smp_133010 -1.6625577 0.012626917 12.64731956 7.607146412 Unannotated
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Smp_176240 -1.6596592 0.048055072 1.100238215 0.662930213 Unannotated
Smp_163940 -1.6556840 0.032803136 5.968533044 3.604874511 Unannotated
Smp_167960 -1.6520932 0.027716673 14.85642245 8.992484648 leucine rich repeat protein, putative
Smp_166820 -1.6441069 0.001743832 3.870255873 2.354017231 hypothetical protein
Smp_151570 -1.6429662 0.011201408 3.180390291 1.935761261 hypothetical protein
Smp_181230 -1.6377206 0.012055317 1.788872309 1.092293936 phospholipid-transporting atpase
Smp_166540 -1.6318129 0.011635824 4.069028732 2.49356325 kinase
Smp_167940 -1.6313868 0.006920892 7.525409893 4.612891272 kinase
Smp_131620 -1.6305104 0.039578913 2.028800846 1.244273511 hypothetical protein
Smp_141700 -1.6295815 0.000559654 7.024189581 4.310425451 Unannotated
Smp_170210 -1.6289476 0.023937053 2.660147797 1.633046909 Tektin-2, putative
Smp_156750 -1.6280535 0.017951695 2.842011021 1.745649631 Unannotated
Smp_170480 -1.6270167 0.037219183 1.24424629 0.764740925 family M13 unassigned peptidase (M13 family)
Smp_198590 -1.6264422 0.015522079 0.572820228 0.352192189 kif1, putative
Smp_212030 -1.6239063 0.002455832 4.423443826 2.723952648 Unannotated
Smp_001050 -1.6225187 0.013463211 0.538480561 0.331879415 similar to Protein C20orf152 homolog, putative
Smp_212250 -1.6178161 0.00239631 3.428229485 2.119047759 ankyrin repeat-containing, putative
Smp_209000 -1.6156314 0.035438544 14.50868445 8.980194384 DNA double-strand break repair rad50 ATPase, putative
Smp_168220 -1.6151763 0.036167292 15.90449011 9.846906541 protein regulator of cytokinesis 1 prc1, putative
Smp_160500 -1.6013155 0.006287923 3.831429767 2.392676389 nalp (nacht, leucine rich repeat and pyrin domain containing)-related
Smp_170960 -1.5994523 0.026258998 15.94580242 9.969539244 serine-rich repeat protein , putative
Smp_001070 -1.5979480 0.025159171 9.668576036 6.050619787 hypothetical protein
Smp_182270 -1.5965746 0.042282519 8.230099766 5.154848191 hypothetical protein
Smp_172210 -1.5898119 0.017089191 2.582105734 1.624158004 protein phosphatases pp1 regulatory subunit, putative
Smp_165520 -1.5857037 0.05095366 1.517450394 0.956957099 Protein C6orf152, putative
Smp_157300 -1.5844261 0.002197867 15.35865974 9.693515809 tyrosine kinase
Smp_168780 -1.5826195 0.016220183 4.059577194 2.565099976 Unannotated
Smp_160860 -1.5787751 0.031929364 11.48530866 7.274822454 tetratricopeptide repeat protein 8, tpr8, putative
Smp_082370 -1.5630821 0.050734779 10.68160053 6.833678625 NADP transhydrogenase, putative
Smp_178740 -1.5608899 0.001059417 12.43918326 7.969289105 tesmin-related
Smp_125610 -1.5594790 0.032272285 2.990930314 1.917903509 Unannotated
Smp_158480 -1.5593446 0.008215973 8.301521075 5.323724401 AMP dependent ligase, putative
Smp_138810 -1.5531935 0.045067953 2.637587026 1.698170267 fgf receptor activating protein, putative
Smp_124300 -1.5518145 0.012308985 23.7613639 15.31198712 Lamin B receptor (ERG24)
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Smp_172340 -1.5501301 0.010549332 2.402312641 1.549749042 hypothetical protein
Smp_105480 -1.5461714 0.046565319 15.39763148 9.958553801 ADP-ribosylation factor-like 6, arl6
Smp_143220 -1.5431328 0.014370684 6.362215155 4.12292123 Unannotated
Smp_037590 -1.5405231 0.001214164 40.93937416 26.57498312 DNA replication licensing factor MCM3, putative
Smp_168010 -1.5404868 0.021732238 11.07315036 7.188085235 hypothetical protein
Smp_194430 -1.5392115 0.031294031 3.18901119 2.071847256 Unannotated
Smp_199350 -1.5384722 0.01879534 4.319745699 2.807815162 Unannotated
Smp_210140 -1.5382735 0.015304459 4.359837112 2.834240492 cortactin, putative
Smp_162680 -1.5362569 0.040953824 1.703690804 1.10898823 Amiloride-sensitive sodium channel, putative
Smp_130010 -1.5291606 0.022539767 7.593385828 4.965721638 Unannotated
Smp_169330 -1.5264750 0.034739124 8.501694919 5.569494988 nuclear pore complex protein nup155, putative
Smp_143310 -1.5262417 0.004619957 16.28458255 10.66972695 hypothetical protein
Smp_202920 -1.5247101 0.018168548 2.903197852 1.904098213 Unannotated
Smp_148130 -1.5245594 0.006084496 15.59230742 10.22741845 Spindle assembly checkpoint component MAD1 (Mitotic arrest deficient protein 1), putative
Smp_130810 -1.5238034 0.038616443 1.571972743 1.031611227 hypothetical protein
Smp_040110 -1.5231329 0.008712884 5.475523736 3.594908798 thrombospondin type 1 domain-containing protein, putative
Smp_011990 -1.5231218 0.004448148 62.61346205 41.10863631 beta-galactosidase, putative
Smp_175860 -1.5227430 0.011196203 3.705431225 2.433392324 hypothetical protein
Smp_061140 -1.5185738 0.003332456 5.837006591 3.843742482 SPFH domain / Band 7 family protein, putative
Smp_085990 -1.5145800 0.023239066 1.918270115 1.266536039 hypothetical protein
Smp_136160 -1.5131190 0.030414093 18.42366396 12.17595188 hypothetical protein
Smp_205320 -1.5127827 0.002454599 3.993849207 2.640068061 Unannotated
Smp_148040 -1.5121852 0.028790121 11.19539506 7.403454845 hypothetical protein
Smp_148160 -1.5110792 0.002812103 2.631584172 1.741526274 hypothetical protein
Smp_013080 -1.5103970 0.045500714 7.459722788 4.938915121 hypothetical protein
Smp_105200 -1.5042365 0.034063163 27.07346116 17.99814163 glypican, putative
Smp_035500 -1.5023783 0.018211738 19.97758917 13.29730935 hypothetical protein
Smp_018870 -1.5011615 0.002875254 10.77123368 7.175266218 hypothetical protein
Smp_137520 -1.5000986 0.041093873 6.13214559 4.087828425 threonine dehydratase/deaminase, putative
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Expression 
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long-chain-fatty-acid--CoA ligase faa2 Not sure Not sure Not sure
Strong somatic expression, therfore difficult to 
determine expression in testes
No phenotype
protein C20orf152 Smp_001050 + + + No somatic expression detected No phenotype
G protein coupled receptor fragment Smp_001070 + + + No somatic expression detected No phenotype
hypothetical protein Smp_003790 - - - No somatic expression detected Animals have small testes Some animals appear normal
voltage-dependent calcium channel Smp_004730 - - - No somatic expression detected No phenotype
hemicentin 1 Smp_005140 + + + No somatic expression detected No phenotype
leucine rich repeat and death domain containing protein Smp_008450 + + + Weak somatic expression No phenotype
Uncharacterized Smp_010450 + Not tested Not tested No somatic expression detected No phenotype
insulysin unit 3 (M16 family) Smp_011100 + + + No somatic expression detected Miscellaneous Many animals have shrunk testes but no loss of specific cell type
ATP dependent DNA helicase HFM1 Smp_011180 + + + Weak somatic expression No phenotype
beta galactosidase Smp_011990 + + + Weak somatic expression Miscellaneous Some animals have small testis lobes
IQ and AAA domain containing protein 1 Smp_013080 Not sure Not sure Not sure
Strong somatic expression, therfore difficult to 
determine expression in testes
No phenotype
hypothetical protein Smp_016540 + + - No somatic expression detected No phenotype
hypothetical protein Smp_017240 + + - No somatic expression detected No phenotype
hypothetical protein Smp_018730 + + + No somatic expression detected No phenotype
hypothetical protein Smp_018870 + + + No somatic expression detected No phenotype
hypothetical protein Smp_019200 + + + Weak somatic expression No phenotype
helicase polq Smp_019760 + Not tested Not tested No somatic expression detected No phenotype
lin-54/tesmin-related Smp_022870 + + + No somatic expression detected Animals have small testes Mostly undifferentiated cells in the testis lobes
FAM78 Smp_028130 + - - Weak somatic expression Miscellaneous Many animals have no differentiated cells in the testis lobes
hypothetical protein Smp_031020 + + + Strong somatic expression Miscellaneous Some animals have no differentiated cells in the testis lobes
tropomyosin Smp_032490 + + - No somatic expression detected Animals have small testes
dynein heavy chain Smp_034920 + + + No somatic expression detected Miscellaneous Some animals have no differentiated cells in the testis lobes
parkin co regulated gene protein Smp_035500 + + + Weak somatic expression No phenotype
dna replication licensing factor mcm3 Smp_037590 + + + No somatic expression detected No germ cells
WD repeat containing protein 66 Smp_042530 + + + No somatic expression detected No germ cells
Early Growth Response-related Smp_043430 + + - No somatic expression detected No phenotype
Ig-like/growth differentiation factor/TGF/egr Smp_051290 + + - Weak somatic expression No phenotype
nanos Smp_055740 + + + No somatic expression detected No germ cells
mechanosensory protein 2 Smp_061140 - + + Strong somatic expression No phenotype
hypothetical protein Smp_061210 + + + No somatic expression detected No differentiated cells
No putative domains/F-box 47/dynein heavy chain Smp_061220 + + - No somatic expression detected No phenotype
hypothetical protein Smp_061500 + + + Weak somatic expression No phenotype Miscellaneous
dhand/heart and heural crest derivatives expressed Smp_062490 + + + Weak somatic expression+gut Miscellaneous Many animals have no differentiated cells in the testis lobes
WD repeat containing protein 65 Smp_062970 + + - No somatic expression detected No phenotype
pre B cell leukemia transcription factor 3 Smp_063520 + + + Strong somatic expression No phenotype
dynein beta chain, ciliary Smp_067620 + + + Strong somatic expression No phenotype
No conserved domains Smp_072500 + + + Weak somatic expression No phenotype
tubulin polyglutamylase ttll6 Smp_074830 + - - No somatic expression detected Miscellaneous Some animals have small testis lobes
cd63 antigen Smp_075720 + + Not sure Weak somatic expression Miscellaneous Some animals have small testis lobes
hypothetical protein Smp_078720 + Not tested Not tested No somatic expression detected No phenotype
protein FAMb; protein FAMa Smp_078910 + Not sure + No somatic expression detected No phenotype
condensin complex subunit 3 Smp_078920 + + + No somatic expression detected No germ cells
WD repeat containing protein 69 Smp_080320 + - - No somatic expression detected No phenotype
camp dependent protein kinase regulatory chain Smp_080650 + + + Weak somatic expression Miscellaneous Some animals have small testis lobes
NAD(P) transhydrogenase Smp_082370 + + + No somatic expression detected No phenotype
Fanconi anemia, complementation group M Smp_083710 + + + No somatic expression detected Miscellaneous Many animals have no sperm
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cAMP dependent protein kinase catalytic subunit Smp_085690 + - - No somatic expression detected No phenotype
hypothetical protein Smp_085990 + + + Weak somatic expression No phenotype
hypothetical protein Smp_086220 + + + Strong somatic expression No phenotype
DNA polymerase delta catalytic subunit Smp_087010 + + + No somatic expression detected Miscellaneous Small degenerating testis lobes
hypothetical protein Smp_091210 + + + Strong somatic expression No phenotype
acetyl coenzyme A carboxylase; methylcrotonyl CoA Smp_095350 - + + Strong somatic expression+gut Miscellaneous Some animals have small testis lobes
hypothetical protein Smp_104450 + + + No somatic expression detected No phenotype
glypican 4 Smp_105200 + + + Weak somatic expression No phenotype
ADP ribosylation factor protein 6 like Smp_105480 + + + No somatic expression detected No phenotype
uro adherence factor A Smp_105780 + Not tested Not tested No somatic expression detected No phenotype
Structure specific endonuclease SLX1 Smp_106040 + + + No somatic expression detected No phenotype
hypothetical protein Smp_106750 + + + No somatic expression detected No phenotype
WDFY family Smp_110480 + + + No somatic expression detected No phenotype
hypothetical protein Smp_119020 + + + Weak somatic expression No phenotype
hypothetical protein Smp_122820 + + + No somatic expression detected Animals have small testes
hypothetical protein Smp_123220 + + - No somatic expression detected Miscellaneous Some animals have small degenerating testis lobes
spectrin beta chain, brain 1 Smp_123740 + + - No somatic expression detected No phenotype
RAD51 Smp_124230 + + + Strong somatic expression No germ cells
No conserved domains Smp_125190 + + Not sure No somatic expression detected No phenotype
hypothetical protein Smp_125610 + + + Strong somatic expression No phenotype
hypothetical protein Smp_125850 + + + Weak somatic expression No differentiated cells
ATP dependent DNA helicase HFM1 Smp_128140 + + + No somatic expression detected Miscellaneous Some animals have no differentiated cells in the testes
Uveal autoantigen with coiled coil domains Smp_129710 + + + No somatic expression detected No germ cells
TFG box/Sm domain containing RNA binding domain/LSM14 Smp_129960 + + + No somatic expression detected No phenotype
hypothetical protein Smp_130010 + Not tested Not tested No somatic expression detected Miscellaneous Some animals have small testis lobes
protein bicaudal C 1 Smp_130450 + + + No somatic expression detected No phenotype
ank repeat containing Smp_130660 + + + Weak somatic expression No phenotype
Mediator of DNA damage checkpoint protein 1 Smp_130760 + + + No somatic expression detected No phenotype
dynein heavy chain Smp_130810 + Not tested Not tested No somatic expression detected Animals have small testes
hypothetical protein Smp_131620 + + + Weak somatic expression No phenotype
testis expressed protein 14 Smp_131630 + + - No somatic expression detected No phenotype
endonuclease reverse transcriptase Smp_131830 + + + Strong somatic expression No phenotype
GPCR fragment Smp_132220 - Not sure - No somatic expression detected No differentiated cells
guanine nucleotide exchange factor Smp_132660 + + - No somatic expression detected No phenotype
hypothetical protein Smp_133010 + + + No somatic expression detected No phenotype
hypothetical protein Smp_134600 - + + No somatic expression detected No phenotype
macrophage expressed gene 1 protein Smp_135290 + + + Strong somatic expression No phenotype
hypothetical protein Smp_135300 + + + No somatic expression detected No phenotype
serine:threonine protein kinase 12 B Smp_135360 + + - No somatic expression detected Miscellaneous Animals have small degenerating testis lobes
hypothetical protein Smp_135390 + + + Weak somatic expression No phenotype
Kelch like 10 - spermatogenesis ubiquitin ligase Smp_136100 + + Not sure No somatic expression detected No differentiated cells Some differentiated cells seen in testis lobes
hypothetical protein Smp_136160 - - - No somatic expression detected No phenotype
Kinesin-like Smp_137660 + + - No somatic expression detected No phenotype
sister chromatid cohesion protein PDS5 Smp_137780 + + + Weak somatic expression Miscellaneous Some animals have small testis lobes
Post GPI attachment to protein factor 2 Smp_138810 + + + Weak somatic expression No phenotype
Spindle assembly checkpoint component MAD1 Smp_139380 + - - No somatic expression detected No phenotype
hypothetical protein Smp_139420 + + + Weak somatic expression No phenotype
primary ciliary dyskinesia protein 1 Smp_140110 + + + Weak somatic expression Miscellaneous Some animals have small degenerating testis lobes
dual specificity tyrosine (Y) phosphorylation Smp_141230 + + - No somatic expression detected No phenotype
caspase 8 Smp_141270 + + + No somatic expression detected No phenotype
hypothetical protein Smp_141700 + + + No somatic expression detected No germ cells
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kinetochore associated protein 1 Smp_141710 + - - No somatic expression detected Animals have small testes
Myb DNA binding domain containing protein Smp_142040 + + + No somatic expression detected No germ cells
Apobec/RRM1_hnRNPR/RNA binding protein 47-like Smp_142220 + + Not sure Expression in gut No phenotype
long chain fatty acid coenzyme A ligase Smp_142680 - + + No somatic expression detected No phenotype
hypothetical protein (sex determination) Smp_143190 + Not sure Not sure Weak somatic expression No phenotype
hypothetical protein Smp_143310 + + - No somatic expression detected No phenotype
hypothetical protein Smp_143590 + + + No somatic expression detected No sperm
Dynein intermediate chain Smp_143940 - + + Weak somatic expression No phenotype
hypothetical protein Smp_144500 + + + No somatic expression detected No phenotype
FAM154/Microtubule associated protein 6 Smp_144680 + + - No somatic expression detected No phenotype
hypothetical protein Smp_144720 + + + Strong somatic expression No germ cells
hypothetical protein Smp_144730 + + + Weak somatic expression No phenotype
boule Smp_144860 + + - No somatic expression detected No differentiated cells
centrosomal protein of 41 kDa Smp_144950 + Not tested Not tested No somatic expression detected No phenotype
No conserved domains Smp_145570 + + + Weak somatic expression Miscellaneous Some animals have no sperm
No conserved domains Smp_145580 + + + No somatic expression detected Miscellaneous Some animals have smaller testes, missing differentiated cells
poly (adp ribose) polymerase 2 Smp_145810 + + + No somatic expression detected Miscellaneous Animals have small degenerating testis lobes
SAM domain and HD domain containing protein 1 Smp_147300 + + + Strong somatic expression Miscellaneous Some animals have no differentiated cells in the testis lobes
No conserved domains Smp_147880 + + - No somatic expression detected Miscellaneous Small testes in many animals
Dendritic Cell-Specific Transmembrane Domain Smp_148030 + + + Weak somatic expression No phenotype
DC STAMP domain containing protein 1 Smp_148040 + + + Weak somatic expression No phenotype
Spermatogenesis-associated protein 6 Smp_148160 + + Not sure No somatic expression detected No phenotype
coiled coil domain containing protein 61 Smp_150420 + - - No somatic expression detected Miscellaneous Some animals have no differentiated cells in the testis lobes
cyclin dependent kinase 5 activator 1 Smp_151040 + - - No somatic expression detected No phenotype
hypothetical protein Smp_151130 + + + Weak somatic expression Miscellaneous Some animals have small testis lobes
tetratricopeptide repeat protein 29 Smp_151570 + + + Weak somatic expression No phenotype
meiotic recombination protein rec8 Smp_151750 + + - No somatic expression detected Animals have small testes Mostly undifferentiated cells in the testis lobes
inositol 1,4,5 trisphosphate receptor type 1 Smp_151850 + + + No somatic expression detected No phenotype
inositol 1 4,5 trisphosphate receptor type Smp_151860 + + + No somatic expression detected No phenotype
zinc finger protein Smp_151950 + + + No somatic expression detected No differentiated cells
M phase inducer phosphatase 3 Smp_152200 + + - No somatic expression detected Miscellaneous Some animals have small testis lobes
hypothetical protein Smp_152220 - Not sure + No somatic expression detected No phenotype
cyclin-B1-interacting protein 1 Smp_152490 + + - No somatic expression detected No differentiated cells
crossover junction endonuclease EME1 Smp_152670 + + - No somatic expression detected No phenotype
hypothetical protein Smp_152910 + + + No somatic expression detected No phenotype
No conserved domains/lysine demethylase Smp_153080 + + + No somatic expression detected Miscellaneous Mostly undifferentiated cells in the testis lobes
hypothetical protein Smp_153090 + + + Strong somatic expression No phenotype
Ect2 Smp_153520 + + Not sure No somatic expression detected No differentiated cells
hypothetical protein Smp_153810 + + + Strong somatic expression No phenotype
DC-STAMP containing 2 Smp_154800 + + - No somatic expression detected No phenotype
synaptonemal complex protein 2 Smp_154830 + + - No somatic expression detected No phenotype
mechanosensory protein 2 Smp_154990 + + + Weak somatic expression Miscellaneous Few animals have no testes
Rhomboid related - EGF signaling Smp_155090 + + + No somatic expression detected No phenotype
cellular myosin Smp_155840 + + + No somatic expression detected No differentiated cells
hypothetical protein Smp_155860 + + + No somatic expression detected Miscellaneous Some animals have small testis lobes
hypothetical protein Smp_157190 + + + Strong somatic expression No phenotype
sodium dependent serotonin transporter Smp_157430(214230) - - - No somatic expression detected Miscellaneous Some animals have small testis lobes
tetratricopeptide repeat protein 23 Smp_157470 + + + No somatic expression detected No sperm Some animals are normal
hypothetical protein Smp_158360 - + + No somatic expression detected No phenotype
tubulin monoglycylase TTLL3 Smp_158370 + + + No somatic expression detected Animals have small testes
No conserved domains Smp_158790 + + + Strong somatic expression Miscellaneous Many animals have no sperm
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hypothetical protein Smp_158800 + + + No somatic expression detected Miscellaneous No sperm in some animals
hypothetical protein Smp_158930 + + + Weak somatic expression No germ cells
Neurogenic notch/jagged/acidic fibroblast growth factor/slit1 Smp_159520 + + + No somatic expression detected No phenotype
lysosomal alpha mannosidase Smp_160310 + + - No somatic expression detected No phenotype
DNA double strand break repair rad50 ATPase Smp_160320 + + + No somatic expression detected No phenotype
t complex associated testis expressed protein Smp_160500 + + + Weak somatic expression No germ cells
tetratricopeptide repeat protein 8 Smp_160860 + + Not sure No somatic expression detected Miscellaneous No gH4 labeling
CCAAT box DNA binding protein subunit B Smp_160900 - - - No somatic expression detected No phenotype
hypothetical protein Smp_161820 + + + No somatic expression detected No germ cells
No conserved domains Smp_161830 + + - No somatic expression detected Miscellaneous Small testes in many animals
protein fantom Smp_162250 + - - No somatic expression detected Animals have small testes Some animals look normal
FMRFamide activated amiloride sensitive sodium channel Smp_162680 - - - No somatic expression detected No phenotype
hypothetical protein Smp_162740 + + + Strong somatic expression Miscellaneous possible differentiation defect
Doublecortin domain containing Smp_163020 + + + No somatic expression detected Miscellaneous More differentiated cells in some animals
hypothetical protein Smp_165430 + + + Weak somatic expression No phenotype
Protein C6orf152 Smp_165520 + + + Expression seen in midline of male worms No phenotype
IQ domain containing protein Smp_165760 + + + Weak somatic expression No phenotype
tetratricopeptide repeat protein 30A Smp_166420 + + + Weak somatic expression Miscellaneous Some animals have small testis lobes, others look normal
serine:threonine protein kinase Nek11 Smp_166540 + + + Weak somatic expression No phenotype
hypothetical protein Smp_166820 + + - No somatic expression detected No phenotype
dna replication factor cdt1 Smp_167540 + + - Weak somatic expression No germ cells
multidrug resistance associated protein 4 Smp_167610 + + - No somatic expression detected Miscellaneous Small testis lobes with no diff cells in many animals
Uncharacterized Smp_167910 + + - No somatic expression detected No phenotype
wee1 protein kinase 2 Smp_167940 + + + Strong somatic expression No germ cells
hypothetical protein Smp_167960 + + + Weak somatic expression Animals have small testes
hypothetical protein Smp_168010 + + + No somatic expression detected No sperm
protein regulator of cytokinesis 1 Smp_168220 + + + Weak somatic expression No phenotype
Galectin 3/deleted in malignant brain tumors/uromodulin Smp_168590 + + - No somatic expression detected No phenotype
hypothetical protein Smp_168780 + + + No somatic expression detected No phenotype
nuclear pore complex protein nup155 Smp_169330 + + - No somatic expression detected No phenotype
receptor type tyrosine protein phosphatase Smp_169380 + + + Weak somatic expression No phenotype
hypothetical protein Smp_169830 + - - No somatic expression detected Animals have small testes
HORMA domain containing protein 1 Smp_169930 + + - No somatic expression detected No differentiated cells Some differentiated cells seen in testis lobes
radial spoke 3 Smp_170010 + + - No somatic expression detected No sperm
Tektin-2 Smp_170210 + + + No somatic expression detected No phenotype
speedy protein A Smp_170320 + + + No somatic expression detected Miscellaneous Many animals have no differentiated cells in the testis lobes
WD repeat containing protein 52 Smp_170700 + + + No somatic expression detected Animals have small testes
WD repeat containing protein 52 Smp_170710 - - - No somatic expression detected Miscellaneous Many animals have small testis lobes
serine rich repeat protein Smp_170960 + + - Weak somatic expression Miscellaneous Some animals have small testis lobes
DNA primase/jagged 1a/neurogenic notch Smp_170980 + Not tested Not tested No somatic expression detected No phenotype
hypothetical protein Smp_171690 + + + Weak somatic expression No differentiated cells
coiled coil domain containing protein 19 Smp_172140 + Not tested Not tested No somatic expression detected No phenotype
ATP dependent RNA helicase YTHDC2 Smp_172150 + + + Strong somatic expression No phenotype
leucine rich repeat and coiled coil Smp_172210 + + + Strong somatic expression No sperm
transient receptor potential cation channel Smp_173720 + + + No somatic expression detected No phenotype
TRAF3 Smp_173860 + + - No somatic expression detected No phenotype
kinesin associated protein 3 Smp_174360 + + + No somatic expression detected Miscellaneous Many animals have small testis lobes
hypothetical protein Smp_174560 + + + Strong somatic expression Miscellaneous Some animals have small testes with no differentiated cells
coiled coil domain containing protein 146 Smp_174770 + + + Strong somatic expression No phenotype
phospholipid translocating ATPase Smp_175790 + + + No somatic expression detected No phenotype
hypothetical protein Smp_175860 + + + Weak somatic expression Miscellaneous Some animals have small testis lobes
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plasma membrane calcium transporting ATPase Smp_176130 - - + No somatic expression detected No phenotype
hypothetical protein Smp_176240 - - - No somatic expression detected No phenotype
amine GPCR Smp_178420 + + + No somatic expression detected No phenotype
lin-54 Smp_178740 + + + Strong somatic expression No germ cells
hypothetical protein Smp_179670 + + Not sure Strong somatic expression No phenotype
Spindle assembly checkpoint component MAD1 Smp_179940 + + + No somatic expression detected No phenotype
centromere protein j Smp_180020 + + Not sure No somatic expression detected No sperm Some animals are normal
hypothetical protein Smp_180190 + + + No somatic expression detected Animals have small testes
Rho GTPase activating protein Smp_180890 + Not tested Not tested No somatic expression detected No phenotype
Several schisto hits/may be RAB/GAG Smp_184420 + + + Dotted expression across the length of the worm Miscellaneous
hypothetical protein Smp_187030 + + + Strong somatic expression Animals have small testes
hypothetical protein Smp_194430 + + + No somatic expression detected Miscellaneous
adenylate kinase isoenzyme 5 Smp_194530 + + + Strong somatic expression No phenotype No somatic stem cells
ELAV Smp_194950 + + + Weak somatic expression No phenotype Two animals have small testes
One-cut domain hepatocyte nuclear factor 6 Smp_196950 + - + No somatic expression detected Miscellaneous Many animals have no differentiated cells in the testis lobes
hypothetical protein Smp_197740 + + + Strong somatic expression Miscellaneous Some animals have smaller testes, missing differentiated cells
hypothetical protein Smp_198590 + + + Strong somatic expression No phenotype
mitogen activated protein kinase 15 Smp_198810 + + - No somatic expression detected No phenotype
coiled coil domain containing protein 162 Smp_199350 + + + Strong somatic expression No phenotype
transient receptor potential cation channel Smp_199590 - + + Weak somatic expression No phenotype
hypothetical protein Smp_200520 + Not tested Not tested No somatic expression detected No sperm Some animals are normal
hypothetical protein Smp_200830 Not sure Not sure Not sure
Strong somatic expression, therfore difficult to 
determine expression in testes
No phenotype
hypothetical protein Smp_202920 - - - No somatic expression detected No phenotype
intraflagellar transport protein 172 Smp_203530 + + + No somatic expression detected No phenotype Couple of animals have small testis lobes, others normal
hypothetical protein Smp_205320 + + + Strong somatic expression No sperm
hypothetical protein Smp_205410 + + + Strong somatic expression No phenotype
IQ motif containing B1 Smp_209000 + - - No somatic expression detected No phenotype
alpha(13)fucosyltransferase Smp_209060 + + + No somatic expression detected No phenotype Couple of animals have small testis lobes, others normal
alpha taxilin Smp_210140 + + + Strong somatic expression No phenotype
hypothetical protein Smp_212030 + + + No somatic expression detected No phenotype
dynein heavy chain Smp_212280 + + + Weak somatic expression No phenotype
Venom Allergen Protein SmVAL26 + + + No somatic expression detected No phenotype
*female worms have very little visible somatic tissue outside of ovaries and vitellaria, and it is therefore difficult to determine if there is expression in female somatic tissue, especially when a gene is expressed in vitelline cells 
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Table 4.3. Planarian homologs of schistosome germ cell enriched genes are enriched in the sexual strain of S. mediterranea . 
Schistosome 
gene ID
Planarian gene 
ID Annotations - Description
Asexual - 
Means
Sexual - 
Means
Experiment - 
Difference sexual 
versus asexual 
(original values)
Experiment - Fold 
Change sexual 
versus asexual 
(original values)
Smp_028130 SMU15029763 fa78b_mouse protein fam78b os=mus musculus gn=fam78b pe=2 sv=2 0.00 386.67 386.67 #DIV/0!
Smp_204600 SMU15026686 lmln_drome leishmanolysin-like peptidase os=drosophila melanogaster gn=invadolysin pe=2 sv=2 0.00 0.33 0.33 #DIV/0!
Smp_001070 SMU15032231 ---NA--- 0.00 296.50 296.50 #DIV/0!
Smp_010450 SMU15032082 CA194_HUMAN Uncharacterized protein C1orf194 OS=Homo sapiens GN=C1orf194 PE=2 SV=1 0.00 198.33 198.33 #DIV/0!
Smp_154800 SMU15033244 dcst2_human dc-stamp domain-containing protein 2 os=homo sapiens gn=dcst2 pe=2 sv=2 0.00 261.17 261.17 #DIV/0!
Smp_078910 SMU15016281 fa78a_human protein fam78a os=homo sapiens gn=fam78a pe=2 sv=1 0.17 3367.83 3367.67 20207.00
Smp_194950 SMU15034826 elav4_mouse elav-like protein 4 os=mus musculus gn=elavl4 pe=1 sv=1 1.83 8315.50 8313.67 4535.73
Smp_143970 SMU15033717 klh10_mouse kelch-like protein 10 os=mus musculus gn=klhl10 pe=1 sv=1 0.33 1027.50 1027.17 3082.50
Smp_136100 SMU15022238 klh10_mouse kelch-like protein 10 os=mus musculus gn=klhl10 pe=1 sv=1 0.67 1815.67 1815.00 2723.50
Smp_170980 SMU15023162 ---NA--- 0.33 297.83 297.50 893.50
Smp_143220 SMU15036150 f221b_mouse protein fam221b os=mus musculus gn=fam221b pe=2 sv=1 0.50 402.83 402.33 805.67
Smp_194530 SMU15019046 kad5_bovin adenylate kinase isoenzyme 5 os=bos taurus gn=ak5 pe=2 sv=1 0.83 570.33 569.50 684.40
Smp_148040 SMU15033454 dcst1_mouse dc-stamp domain-containing protein 1 os=mus musculus gn=dcst1 pe=2 sv=1 0.17 103.50 103.33 621.00
Smp_171690 SMU15034286 hmcn1_human hemicentin-1 os=homo sapiens gn=hmcn1 pe=1 sv=2 0.33 110.17 109.83 330.50
Smp_019200 SMU15030921 ---NA--- 0.33 107.83 107.50 323.50
Smp_105780 SMU15030507 ---NA--- 3.00 549.83 546.83 183.28
Smp_144670 SMU15032428 f154a_macfa protein fam154a os=macaca fascicularis gn=fam154a pe=2 sv=2 6.50 721.17 714.67 110.95
Smp_051290 SMU15021957 ---NA--- 0.83 90.83 90.00 109.00
Smp_196540 SMU15021718 ribc2_human rib43a-like with coiled-coils protein 2 os=homo sapiens gn=ribc2 pe=1 sv=1 6.00 562.33 556.33 93.72
Smp_159520 SMU15033043 ---NA--- 1.67 145.50 143.83 87.30
Smp_165520 SMU15032937 lca5l_macfa lebercilin-like protein os=macaca fascicularis gn=lca5l pe=2 sv=2 2.33 185.67 183.33 79.57
Smp_005140 SMU15028466 tsp1_bovin thrombospondin-1 os=bos taurus gn=thbs1 pe=2 sv=2 1.67 121.67 120.00 73.00
Smp_040110 SMU15033619 dllc_danre delta-like protein c os=danio rerio gn=dlc pe=2 sv=1 0.67 37.67 37.00 56.50
Smp_145730 SMU15030772 fat4_mouse protocadherin fat 4 os=mus musculus gn=fat4 pe=1 sv=2 0.33 18.00 17.67 54.00
Smp_152490 SMU15032191 cip1_mouse e3 ubiquitin-protein ligase ccnb1ip1 os=mus musculus gn=ccnb1ip1 pe=1 sv=1 0.67 33.83 33.17 50.75
Smp_162740 SMU15031846 meiob_rat meiosis-specific with ob domain-containing protein os=rattus norvegicus gn=meiob pe=2 sv=1 3.67 98.33 94.67 26.82
Smp_158480 SMU15037598 baca_bacli bacitracin synthase 1 os=bacillus licheniformis gn=baca pe=3 sv=1 22.83 597.50 574.67 26.17
Smp_172150 SMU15017188 ytdc2_mouse probable atp-dependent rna helicase ythdc2 os=mus musculus gn=ythdc2 pe=1 sv=1 9.33 240.33 231.00 25.75
Smp_166820 SMU15006417 cip2a_mouse protein cip2a os=mus musculus gn=kiaa1524 pe=2 sv=3 8.50 209.33 200.83 24.63
Smp_155860 SMU15014985 nol4l_mouse nucleolar protein 4-like os=mus musculus gn=nol4l pe=2 sv=1 8.67 185.67 177.00 21.42
Smp_085690 SMU15027661 kapcb_rat camp-dependent protein kinase catalytic subunit beta os=rattus norvegicus gn=prkacb pe=1 sv=2 52.33 1052.67 1000.33 20.11
Smp_130450 SMU15018813 bic1b_xenla protein bicaudal c homolog 1-b os=xenopus laevis gn=bicc1-b pe=2 sv=1 13.50 270.67 257.17 20.05
Smp_144720 SMU15017690 mcmd2_human mcm domain-containing protein 2 os=homo sapiens gn=mcmdc2 pe=1 sv=3 5.33 101.33 96.00 19.00
Smp_080730 SMU15026960 cdk1_carau cyclin-dependent kinase 1 os=carassius auratus gn=cdk1 pe=2 sv=1 9.00 148.67 139.67 16.52
Smp_171320 SMU15036443 lmln_caebr leishmanolysin-like peptidase os=caenorhabditis briggsae gn=cbg03556 pe=3 sv=2 88.50 1423.33 1334.83 16.08
Smp_016540 SMU15012359 mutl_clote dna mismatch repair protein os=clostridium tetani (strain massachusetts e88) gn=mutl pe=3 sv=1 3.83 56.67 52.83 14.78
Smp_144860 SMU15027777 boll_human protein boule-like os=homo sapiens gn=boll pe=1 sv=2 106.67 1542.83 1436.17 14.46
Smp_078720 SMU15024371 lecg_thani galactose-specific lectin nattectin os=thalassophryne nattereri pe=1 sv=1 16.33 227.83 211.50 13.95
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Smp_141230 SMU15032051 dyrk2_human dual specificity tyrosine-phosphorylation-regulated kinase 2 os=homo sapiens gn=dyrk2 pe=1 sv=3 165.00 1923.17 1758.17 11.66
Smp_199150 SMU15003355 arhg8_human neuroepithelial cell-transforming gene 1 protein os=homo sapiens gn=net1 pe=1 sv=1 2.17 24.33 22.17 11.23
Smp_061210 SMU15026805 fbx47_human f-box only protein 47 os=homo sapiens gn=fbxo47 pe=2 sv=2 6.50 70.00 63.50 10.77
Smp_063520 SMU15025170 hm40_caeel homeobox protein ceh-40 os=caenorhabditis elegans gn=ceh-40 pe=1 sv=1 9.33 74.50 65.17 7.98
Smp_065150 SMU15037404 esco2_human n-acetyltransferase esco2 os=homo sapiens gn=esco2 pe=1 sv=1 20.17 139.33 119.17 6.91
Smp_170320 SMU15024634 spdya_mouse speedy protein a os=mus musculus gn=spdya pe=1 sv=2 12.17 78.00 65.83 6.41
Smp_013080 SMU15032896 iqca1_human iq and aaa domain-containing protein 1 os=homo sapiens gn=iqca1 pe=2 sv=1 59.83 323.83 264.00 5.41
Smp_167940 SMU15037799 e2ak2_rat interferon- double-stranded rna-activated protein kinase os=rattus norvegicus gn=eif2ak2 pe=1 sv=1 21.33 114.83 93.50 5.38
Smp_042430 SMU15038174 sld5_mouse dna replication complex gins protein sld5 os=mus musculus gn=gins4 pe=1 sv=1 11.83 63.50 51.67 5.37
Smp_040020 SMU15033653 h3_ureca histone h3 os=urechis caupo pe=1 sv=2 4.50 21.67 17.17 4.81
Smp_042530 SMU15019408 wdr66_human wd repeat-containing protein 66 os=homo sapiens gn=wdr66 pe=2 sv=2 74.00 337.83 263.83 4.57
Smp_212250 SMU15023849 spre_bovin sepiapterin reductase os=bos taurus gn=spr pe=2 sv=1 197.17 870.67 673.50 4.42
Smp_128200 SMU15040711 kif23_mouse kinesin-like protein kif23 os=mus musculus gn=kif23 pe=1 sv=1 165.50 670.33 504.83 4.05
Smp_105480 SMU15014517 arl6_mouse adp-ribosylation factor-like protein 6 os=mus musculus gn=arl6 pe=2 sv=1 95.17 356.67 261.50 3.75
Smp_079050 SMU15033171 pri2_mouse dna primase large subunit os=mus musculus gn=prim2 pe=1 sv=1 79.50 274.17 194.67 3.45
Smp_026400 SMU15026519 ---NA--- 29.33 99.83 70.50 3.40
Smp_167960 SMU15003578 cu002_mouse protein c21orf2 homolog os=mus musculus pe=2 sv=1 71.17 239.83 168.67 3.37
Smp_009600 SMU15026076 plk1_rat serine threonine-protein kinase plk1 os=rattus norvegicus gn=plk1 pe=2 sv=2 415.33 1300.00 884.67 3.13
Smp_198590 SMU15026252 kif28_rat kinesin-like protein kif28p os=rattus norvegicus gn=kif28p pe=2 sv=1 50.00 153.33 103.33 3.07
Smp_128140 SMU15006775 hfm1_xentr probable atp-dependent dna helicase hfm1 os=xenopus tropicalis gn=hfm1 pe=2 sv=1 48.67 140.33 91.67 2.88
Smp_011180 SMU15006775 hfm1_xentr probable atp-dependent dna helicase hfm1 os=xenopus tropicalis gn=hfm1 pe=2 sv=1 48.67 140.33 91.67 2.88
Smp_137390 SMU15040723 slbp1_xenla histone rna hairpin-binding protein os=xenopus laevis gn=slbp1 pe=1 sv=1 89.00 256.33 167.33 2.88
Smp_128210 SMU15015752 clspn_human claspin os=homo sapiens gn=clspn pe=1 sv=3 32.50 92.17 59.67 2.84
Smp_165760 SMU15019239 iqch_human iq domain-containing protein h os=homo sapiens gn=iqch pe=2 sv=2 40.67 114.17 73.50 2.81
Smp_106040 SMU15031703 slx1_nemve structure-specific endonuclease subunit slx1 homolog os=nematostella vectensis gn=v1g174298 pe=3 sv=1 77.83 216.67 138.83 2.78
Smp_055740 SMU15028419 nano1_danre nanos homolog 1 os=danio rerio gn=nanos1 pe=2 sv=1 48.83 134.67 85.83 2.76
Smp_043430 SMU15032638 sycp1_rat synaptonemal complex protein 1 os=rattus norvegicus gn=sycp1 pe=2 sv=2 128.00 352.67 224.67 2.76
Smp_151560 SMU15030488 mcm9_rat dna helicase mcm9 os=rattus norvegicus gn=mcm9 pe=3 sv=2 84.33 229.33 145.00 2.72
Smp_144950 SMU15026793 cep41_human centrosomal protein of 41 kda os=homo sapiens gn=cep41 pe=1 sv=1 129.50 350.33 220.83 2.71
Smp_152200 SMU15019597 mpip_drome m-phase inducer phosphatase os=drosophila melanogaster gn=stg pe=1 sv=2 129.50 350.33 220.83 2.71
Smp_042810 SMU15036992 ctf18_xenla chromosome transmission fidelity protein 18 homolog os=xenopus laevis gn=chtf18 pe=2 sv=1 117.83 316.83 199.00 2.69
Smp_131620 SMU15004799 fhad1_mouse forkhead-associated domain-containing protein 1 os=mus musculus gn=fhad1 pe=2 sv=1 297.33 771.33 474.00 2.59
Smp_127070 SMU15020866 orc3_bovin origin recognition complex subunit 3 os=bos taurus gn=orc3 pe=2 sv=1 70.33 168.83 98.50 2.40
Smp_082490 SMU15031778 ccnb2_bovin g2 mitotic-specific cyclin-b2 os=bos taurus gn=ccnb2 pe=2 sv=2 297.67 706.00 408.33 2.37
Smp_140220 SMU15028811 cep78_human centrosomal protein of 78 kda os=homo sapiens gn=cep78 pe=1 sv=1 309.33 723.50 414.17 2.34
Smp_135890 SMU15025773 zn142_human zinc finger protein 142 os=homo sapiens gn=znf142 pe=2 sv=4 30.00 69.17 39.17 2.31
Smp_155500 SMU15035155 dpolq_mouse dna polymerase theta os=mus musculus gn=polq pe=1 sv=2 5.00 11.50 6.50 2.30
Smp_043910 SMU15006807 ttll1_human probable tubulin polyglutamylase ttll1 os=homo sapiens gn=ttll1 pe=2 sv=1 127.50 282.50 155.00 2.22
Smp_151750 SMU15034222 rec8_human meiotic recombination protein rec8 homolog os=homo sapiens gn=rec8 pe=1 sv=1 61.17 130.50 69.33 2.13
Smp_167910 SMU15016799 cc162_human coiled-coil domain-containing protein 162 os=homo sapiens gn=ccdc162p pe=2 sv=3 451.33 959.83 508.50 2.13
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Smp_199350 SMU15016799 cc162_human coiled-coil domain-containing protein 162 os=homo sapiens gn=ccdc162p pe=2 sv=3 451.33 959.83 508.50 2.13
Smp_122820 SMU15027164 f166b_danre protein fam166b os=danio rerio gn=fam166b pe=2 sv=1 490.33 1027.17 536.83 2.09
Smp_153650 SMU15033060 pde7a_human high affinity camp-specific 3 -cyclic phosphodiesterase 7a os=homo sapiens gn=pde7a pe=1 sv=2 223.83 460.33 236.50 2.06
Smp_075110 SMU15029595 rad1_ponab cell cycle checkpoint protein rad1 os=pongo abelii gn=rad1 pe=2 sv=1 53.33 108.83 55.50 2.04
Smp_176710 SMU15034695 ---NA--- 200.50 406.83 206.33 2.03
Smp_176010 SMU15034219 ckap5_human cytoskeleton-associated protein 5 os=homo sapiens gn=ckap5 pe=1 sv=3 447.00 900.67 453.67 2.01
Smp_180020 SMU15003353 cenpj_human centromere protein j os=homo sapiens gn=cenpj pe=1 sv=2 197.33 396.67 199.33 2.01
Smp_170210 SMU15018661 tekt2_rat tektin-2 os=rattus norvegicus gn=tekt2 pe=2 sv=1 1014.50 1864.00 849.50 1.84
Smp_124230 SMU15000268 rad51_crigr dna repair protein rad51 homolog 1 os=cricetulus griseus gn=rad51 pe=2 sv=1 124.83 224.17 99.33 1.80
Smp_154860 SMU15036133 zcpw1_mouse zinc finger cw-type pwwp domain protein 1 os=mus musculus gn=zcwpw1 pe=2 sv=2 604.83 1081.50 476.67 1.79
Smp_181870 SMU15004020 mcm8_rat dna helicase mcm8 os=rattus norvegicus gn=mcm8 pe=3 sv=1 38.67 67.67 29.00 1.75
Smp_169380 SMU15032518 ptprd_mouse receptor-type tyrosine-protein phosphatase delta os=mus musculus gn=ptprd pe=1 sv=3 147.83 256.00 108.17 1.73
Smp_160630 SMU15037536 ra51c_human dna repair protein rad51 homolog 3 os=homo sapiens gn=rad51c pe=1 sv=1 27.67 47.67 20.00 1.72
Smp_168780 SMU15029525 ---NA--- 68.17 113.67 45.50 1.67
Smp_087010 SMU15026634 dpod1_bovin dna polymerase delta catalytic subunit os=bos taurus gn=pold1 pe=1 sv=1 145.17 241.33 96.17 1.66
Smp_137660 SMU15037136 ki20b_mouse kinesin-like protein kif20b os=mus musculus gn=kif20b pe=1 sv=3 40.50 67.17 26.67 1.66
Smp_157300 SMU15035471 fgfr2_dugja fibroblast growth factor receptor 2 os=dugesia japonica gn=fgfr2 pe=2 sv=1 194.17 321.17 127.00 1.65
Smp_175590 SMU15035471 fgfr2_dugja fibroblast growth factor receptor 2 os=dugesia japonica gn=fgfr2 pe=2 sv=1 194.17 321.17 127.00 1.65
Smp_148160 SMU15024619 spat6_bovin spermatogenesis-associated protein 6 os=bos taurus gn=spata6 pe=2 sv=2 102.33 165.83 63.50 1.62
Smp_011100 SMU15034105 ide_human insulin-degrading enzyme os=homo sapiens gn=ide pe=1 sv=4 696.17 1126.33 430.17 1.62
Smp_174360 SMU15013257 kifa3_strpu kinesin-associated protein 3 os=strongylocentrotus purpuratus gn=kap115 pe=1 sv=1 471.83 761.67 289.83 1.61
Smp_158370 SMU15036346 ttll3_danre tubulin monoglycylase ttll3 os=danio rerio gn=ttll3 pe=2 sv=1 602.83 970.33 367.50 1.61
faa2 SMU15001809 acsl5_mouse long-chain-fatty-acid-- ligase 5 os=mus musculus gn=acsl5 pe=1 sv=1 1309.50 2062.83 753.33 1.58
Smp_142680 SMU15001809 acsl5_mouse long-chain-fatty-acid-- ligase 5 os=mus musculus gn=acsl5 pe=1 sv=1 1309.50 2062.83 753.33 1.58
Smp_160310 SMU15037819 ma2b1_bovin lysosomal alpha-mannosidase os=bos taurus gn=man2b1 pe=1 sv=4 3221.33 4979.00 1757.67 1.55
Smp_124300 SMU15013192 lbr_mouse lamin-b receptor os=mus musculus gn=lbr pe=1 sv=2 762.67 1160.50 397.83 1.52
Smp_067260 SMU15031206 dpoa2_rat dna polymerase alpha subunit b os=rattus norvegicus gn=pola2 pe=2 sv=2 146.17 218.83 72.67 1.50
Smp_153810 SMU15002035 aspg_dirim l-asparaginase os=dirofilaria immitis pe=1 sv=1 303.50 452.50 149.00 1.49
Smp_080320 SMU15001721 daw1_xentr dynein assembly factor with wdr repeat domains 1 os=xenopus tropicalis gn=daw1 pe=2 sv=1 414.17 611.83 197.67 1.48
Smp_157470 SMU15015274 tt23l_human tetratricopeptide repeat protein 23-like os=homo sapiens gn=ttc23l pe=1 sv=2 63.50 93.17 29.67 1.47
Smp_173860 SMU15000564 mipt3_danre traf3-interacting protein 1 os=danio rerio gn=traf3ip1 pe=2 sv=1 251.00 366.50 115.50 1.46
Smp_155090 SMU15038967 rhbl2_mouse rhomboid-related protein 2 os=mus musculus gn=rhbdl2 pe=1 sv=1 977.17 1419.33 442.17 1.45
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Table 4.4. Functional characterization of planarian homologs of schistosome male germ cell-enriched genes. 
Planarian homolog ID Testis RNAi phenotype in planarians
Schistosome 
gene ID Testis RNAi phenotype in schistosomes Annotation
uc_Smed_v1_Contig35358 No phenotype faa2 No phenotype long-chain-fatty-acid--CoA ligase
dd_Smed_v4_15589_0_1 No phenotype Smp_001050 No phenotype protein C20orf152
uc_Smed_v1_Contig2765 No phenotype Smp_001070 Animals have small testes G protein coupled receptor fragment
uc_Smed_v1_Contig21549 Lethal Smp_003790 Animals have small testes hypothetical protein
uc_Smed_v1_Contig35727 No male germ cells Smp_004730 No phenotype voltage-dependent calcium channel
uc_Smed_v1_Contig31470 No phenotype Smp_005140 No phenotype hemicentin 1
uc_Smed_v1_Contig37952 No phenotype Smp_008450 No phenotype leucine rich repeat and death domain containing protein
uc_Smed_v1_Contig50846 No phenotype Smp_010450 Other hypothetical protein
dd_Smed_v4_9500_1_1 No phenotype Smp_011100 Other insulysin unit 3 (M16 family)
dd_Smed_v4_24408_0_4-1 Defects in male germ cell meiotic progression Smp_011180 No phenotype ATP dependent DNA helicase HFM1
uc_Smed_v1_Contig36541 No phenotype Smp_011990 Other beta galactosidase
uc_Smed_v1_Contig42477 No male germ cells Smp_013080 Not cloned IQ and AAA domain containing protein 1
dd_Smed_v4_6755_0_1 No phenotype Smp_018120 Not cloned kinesin protein KIF9
uc_Smed_v1_Contig29507 Defects in spermatid maturation/spermiogenesis Smp_019760 No phenotype helicase polq
uc_Smed_v1_Contig37147 Lethal Smp_022870 Animals have small testes protein lin 54
uc_Smed_v1_Contig50219 Lethal Smp_026400 Not cloned thyrotroph embryonic factor 
uc_Smed_v1_Contig49911 No phenotype Smp_028130 No phenotype protein FAM78B
uc_Smed_v1_Contig47801 No phenotype Smp_034920 No phenotype dynein heavy chain
uc_Smed_v1_Contig52645 No phenotype Smp_035500 No phenotype parkin co regulated gene protein
uc_Smed_v1_Contig49655 No male germ cells Smp_037590 No germ cells dna replication licensing factor mcm3
uc_Smed_v1_Contig51398-2 No phenotype Smp_040110 Not cloned neurogenic locus notch protein
dd_Smed_v4_23589_0_1 No germ cells/lethal? Smp_042430 Not cloned dna replication complex gins protein sld5
uc_Smed_v1_Contig47948 No phenotype Smp_042530 No germ cells WD repeat containing protein 66
dd_Smed_v4_11158_0_1 One animal had regressed testes, Other Smp_043910 Not cloned tubulin polyglutamylase TTLL1
uc_Smed_v1_Contig48820 No phenotype Smp_061140 No phenotype mechanosensory protein 2
dd_Smed_v4_25375_0_1 Lethal Smp_061210 No differentiated cells F box protein 47
uc_Smed_v1_Contig19911 Lethal Smp_062970 No phenotype WD repeat containing protein 65
uc_Smed_v1_Contig37281 No phenotype Smp_063520 No phenotype pre B cell leukemia transcription factor 3
uc_Smed_v1_Contig20057 No phenotype Smp_067620 No phenotype dynein beta chain, ciliary
dd_Smed_v4_8131_0_1 Defects in spermatid maturation/spermiogenesis Smp_074830 Other tubulin polyglutamylase ttll6
uc_Smed_v1_Contig44339 No phenotype Smp_075720 No phenotype cd63 antigen
uc_Smed_v1_Contig50510 No phenotype Smp_078720 Other hypothetical protein
uc_Smed_v1_Contig54392 Defects in spermatid maturation/spermiogenesis Smp_078910 No phenotype protein FAMb; protein FAMa
uc_Smed_v1_Contig48542 Lethal Smp_078920 No germ cells condensin complex subunit 3
uc_Smed_v1_Contig39070 No phenotype Smp_080320 No phenotype WD repeat containing protein 69
uc_Smed_v1_Contig4773 No phenotype Smp_082370 No phenotype NAD(P) transhydrogenase
uc_Smed_v1_Contig38422 No phenotype Smp_083710 Other Fanconi anemia, complementation group M 
uc_Smed_v1_Contig45242 No phenotype Smp_085990 No phenotype hypothetical protein
uc_Smed_v1_Contig44149 No male germ cells Smp_087010 No phenotype DNA polymerase delta catalytic subunit
uc_Smed_v1_Contig40789 No phenotype Smp_099090 Not cloned hypothetical protein
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dd_Smed_v4_4078_0_1 No phenotype Smp_105200 No phenotype glypican 4
dd_Smed_v4_10812_0_1 No phenotype Smp_105480 No phenotype ADP ribosylation factor protein 6 like 
dd_Smed_v4_13895_0_3 No phenotype Smp_106040 No phenotype Structure specific endonuclease SLX1
uc_Smed_v1_Contig4601 No phenotype Smp_122820 Animals have small testes hypothetical protein
uc_Smed_v1_Contig4973 No phenotype Smp_123470 Not cloned leucine rich repeat containing protein LOC400891
uc_Smed_v1_Contig39858 No male germ cells Smp_124230 No germ cells dna repair protein rad51 1 
uc_Smed_v1_Contig48692 No phenotype Smp_130010 No phenotype hypothetical protein
uc_Smed_v1_Contig10840 No phenotype Smp_130810 Animals have small testes dynein heavy chain
uc_Smed_v1_Contig38162 Lethal Smp_131630 No phenotype testis expressed protein 14
uc_Smed_v1_Contig40214 Small degenerating testis lobes, Other Smp_133460 Not cloned forkhead box protein
uc_Smed_v1_Contig39226 No phenotype Smp_134200 Not cloned WD repeat containing protein 16
dd_Smed_v4_10990_0_1 No phenotype Smp_135290 No phenotype macrophage expressed gene 1 protein
uc_Smed_v1_Contig19291 Germ cells loss, animals show head regression (lethal?) Smp_135360 Other serine:threonine protein kinase 12 B
uc_Smed_v1_Contig10054 Defects in male germ cell meiotic progression Smp_136100 No differentiated cells kelch protein 10
dd_Smed_v4_9628_0_1 Lethal Smp_137390 Not cloned histone RNA hairpin binding protein
uc_Smed_v1_Contig39875 Only sperm and some early germ cells in the testes, Other Smp_137660 No phenotype kinesin protein KIF20A
uc_Smed_v1_Contig17821 No phenotype Smp_137780 Other sister chromatid cohesion protein PDS5
uc_Smed_v1_Contig11358 No phenotype Smp_140110 Other primary ciliary dyskinesia protein 1
uc_Smed_v1_Contig35339 Testes appear to contain only post meiotic cells, Other. Smp_140220 Not cloned centrosomal protein of 78 kda
uc_Smed_v1_Contig39456 No phenotype Smp_141230 No phenotype dual specificity tyrosine (Y) phosphorylation
uc_Smed_v1_Contig49335 No phenotype Smp_141270 No phenotype caspase 8
dd_Smed_v4_2009_0_2 No phenotype Smp_142680 No phenotype long chain fatty acid coenzyme A ligase 
uc_Smed_v1_Contig38867 No phenotype Smp_143940 No phenotype Dynein intermediate chain
uc_Smed_v1_Contig40444 Defects in spermatid maturation/spermiogenesis Smp_143970 Not cloned kelch protein 10
uc_Smed_v1_Contig43049 No phenotype Smp_144670 Not cloned protein FAM154A
uc_Smed_v1_Contig51045 No phenotype Smp_144680 No phenotype protein FAM154B
uc_Smed_v1_Contig45344 Lethal Smp_145810 No phenotype poly (adp ribose) polymerase 2 
uc_Smed_v1_Contig43169 No phenotype Smp_147300 No phenotype SAM domain and HD domain containing protein 1 
dd_Smed_v4_12735_0_1 No phenotype Smp_148130 Not cloned fas binding factor 1
dd_Smed_v4_10543_0_1 No phenotype Smp_148160 No phenotype Spermatogenesis associated protein 6
dd_Smed_v4_13788_0_1 No phenotype Smp_151040 No phenotype cyclin dependent kinase 5 activator 1
uc_Smed_v1_Contig36002 No phenotype Smp_151860 No phenotype inositol 1 4,5 trisphosphate receptor type
dd_Smed_v4_10911_0_2 No phenotype Smp_151950 No differentiated cells zinc finger protein
dd_Smed_v4_7176_0_1 Germ cells loss in a few animals, Other Smp_152200 No phenotype M phase inducer phosphatase 3
uc_Smed_v1_Contig44850 No phenotype Smp_152220 No phenotype hypothetical protein
dd_Smed_v4_20221_0_1 No phenotype Smp_153090 No phenotype hypothetical protein
to_Smed_v1_BPKG8421 No phenotype Smp_153650 Not cloned camp specific 3' 5' cyclic phosphodiesterase
uc_Smed_v1_Contig16798 No phenotype Smp_153810 No phenotype hypothetical protein
dd_Smed_v4_3909_0_1 No phenotype Smp_155090 No phenotype stem cell tumor
uc_Smed_v1_Contig39279 Lethal Smp_156370 Not cloned coiled coil domain containing protein 147
uc_Smed_v1_Contig38114 No phenotype Smp_157430(214230) No phenotype sodium dependent serotonin transporter
uc_Smed_v1_Contig48558 No phenotype Smp_158370 Animals have small testes tubulin monoglycylase TTLL3
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Planarian homolog ID Testis RNAi phenotype in planarians
Schistosome 
gene ID Testis RNAi phenotype in schistosomes Annotation
dd_Smed_v4_17289_0_1 Differentiation defect, Other Smp_158480 Not cloned AMP dependent ligase
uc_Smed_v1_Contig7992-1 No male germ cells Smp_159520 No phenotype acidic fibroblast growth factor intracellular
uc_Smed_v1_Contig39896 Defects in spermatid maturation/spermiogenesis Smp_160310 No phenotype lysosomal alpha mannosidase
uc_Smed_v1_Contig34673 No male germ cells Smp_160500 No germ cells t complex associated testis expressed protein
dd_Smed_v4_11425_0_1 Lethal Smp_162250 Animals have small testes protein fantom
to_Smed_v1_BPKG35194 Defects in male germ cell meiotic progression Smp_162740 possible differentiation defect hypothetical protein
dd_Smed_v4_6464_0_1 No phenotype Smp_163020 No phenotype doublecortin domain containing protein 2
dd_Smed_v4_9462_0_1 No phenotype Smp_165430 No phenotype hypothetical protein
uc_Smed_v1_Contig48879 No phenotype Smp_165760 No phenotype IQ domain containing protein
uc_Smed_v1_Contig39615 Lethal Smp_166420 Other tetratricopeptide repeat protein 30A
uc_Smed_v1_Contig54182 No phenotype Smp_166540 No phenotype serine:threonine protein kinase Nek11
uc_Smed_v1_Contig21526 No phenotype Smp_166820 No phenotype hypothetical protein
dd_Smed_v4_15216_0_1 Defects in spermatid maturation/spermiogenesis Smp_167610 Small testis lobes with no diff cells in many animals multidrug resistance associated protein 4
uc_Smed_v1_Contig31704 Defects in spermatid maturation/spermiogenesis Smp_167910 No phenotype Uncharacterized
uc_Smed_v1_Contig42455 Couple of animals have regressed testes, Other Smp_168010 No sperm hypothetical protein
dd_Smed_v4_12856_0_1 No phenotype Smp_168780 No phenotype hypothetical protein
uc_Smed_v1_Contig38881 Lethal Smp_169330 No phenotype nuclear pore complex protein nup155
dd_Smed_v4_10176_0_2 No germ cells in some animals, others normal, Other Smp_169380 No phenotype receptor type tyrosine protein phosphatase
uc_Smed_v1_Contig5380 Defects in male germ cell meiotic progression Smp_169930 No differentiated cells HORMA domain containing protein 1
uc_Smed_v1_Contig49050 No phenotype Smp_170210 No phenotype tektin 2 (testicular)
dd_Smed_v4_29468_0_1 Defects in male germ cell meiotic progression Smp_170320 Many animals have no differentiated cells speedy protein A
dd_Smed_v4_8760_0_1 Defects in spermatid maturation/spermiogenesis Smp_170700 Animals have small testes WD repeat containing protein 52
uc_Smed_v1_Contig53730 Defects in spermatid maturation/spermiogenesis Smp_170710 Other WD repeat containing protein 52
uc_Smed_v1_Contig7992 No phenotype Smp_170980 No phenotype hypothetical protein
uc_Smed_v1_Contig12896 No phenotype Smp_171690 No differentiated cells hypothetical protein
uc_Smed_v1_Contig55274 No phenotype Smp_172140 No phenotype coiled coil domain containing protein 19
dd_Smed_v4_10086_0_1 No phenotype Smp_172210 No sperm leucine rich repeat and coiled coil
dd_Smed_v4_13119_0_1-1 No phenotype Smp_173720 No phenotype transient receptor potential cation channel 
dd_Smed_v4_10562_0_1 Lethal Smp_173860 No phenotype TRAF3 interacting protein 1
dd_Smed_v4_4094_0_1 Defects in male germ cell meiotic progression Smp_174360 many animals have small testis lobes kinesin associated protein 3
dd_Smed_v4_8798_0_1 Defects in male germ cell meiotic progression Smp_174560 Some animals have small testes with no differentiated cells hypothetical protein
uc_Smed_v1_Contig53920 No phenotype Smp_174770 No phenotype coiled coil domain containing protein 146
dd_Smed_v4_5121_0_1 No phenotype Smp_175790 No phenotype phospholipid translocating ATPase
uc_Smed_v1_Contig48256 Defects in spermatid maturation/spermiogenesis Smp_176300 Not cloned dynein heavy chain
uc_Smed_v1_Contig37147 Lethal Smp_178740 No germ cells protein lin 54
uc_Smed_v1_Contig36070 No phenotype Smp_179320 Not cloned Argonaute
uc_Smed_v1_Contig38426 No male germ cells Smp_180020 No sperm centromere protein j
uc_Smed_v1_Contig19128 No phenotype Smp_181230 Not cloned phospholipid transporting atpase
uc_Smed_v1_Contig48791 No phenotype Smp_182270 Not cloned hypothetical protein
dd_Smed_v4_5119_0_2 No phenotype Smp_194530 No phenotype adenylate kinase isoenzyme 5
uc_Smed_v1_Contig37918 Defects in male germ cell meiotic progression Smp_194950 No phenotype ELAV protein 2
uc_Smed_v1_Contig38165 No phenotype Smp_196540 Not cloned RIB43A domain with coiled coils 1
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Planarian homolog ID Testis RNAi phenotype in planarians
Schistosome 
gene ID Testis RNAi phenotype in schistosomes Annotation
dd_Smed_v4_16472_0_1 No phenotype Smp_196950 No phenotype one cut domain family member
dd_Smed_v4_20223_0_1 No phenotype Smp_198590 No phenotype hypothetical protein
dd_Smed_v4_11396_0_1 No phenotype Smp_198810 No phenotype mitogen activated protein kinase 15
uc_Smed_v1_Contig49266 No phenotype Smp_199350 No phenotype coiled coil domain containing protein 162
dd_Smed_v4_13119_0_1-1 No phenotype Smp_199590 No phenotype transient receptor potential cation channel
mu_Smed_v1_1444_2_2 Defects in spermatid maturation/spermiogenesis Smp_203530 Other intraflagellar transport protein 172
uc_Smed_v1_Contig40676 No phenotype Smp_204600 Not cloned invadolysin (M08 family)
uc_Smed_v1_Contig41124 No phenotype Smp_209060 No phenotype alpha(13)fucosyltransferase
uc_Smed_v1_Contig48327 No phenotype Smp_210140 No phenotype alpha taxilin
uc_Smed_v1_Contig39982 No phenotype Smp_212250 Not cloned sepiapterin reductase
uc_Smed_v1_Contig48528 No phenotype Smp_212280 No phenotype dynein heavy chain
uc_Smed_v1_Contig53040 No phenotype SmVAL26 No phenotype Venom Allergen Protein
Cells highlighted in green indicate genes which have germ cell functions in both planarians and schistosomes
Other RNAi phenotype indicates cases in which there was no clear loss of a specific male germ cell population, but the testis lobes did not look normal, for e.g., testis lobes lacking organization of cells in the case of 
planarians or some animals (but not all) showing germ cell defects in the case of schistosomes
Cells highlighted in orange indicate genes which are lethal in planarians  (therefore germ cell RNAi phenotype could not be determine) but have a germ cell function in schistosomes
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Genes necessary for testis maintenance (NGC genes)
Gene ID Gene annotation Abbreviation
Smp_055740 nanos-1 nos1
Smp_160500 t complex associated testis expressed protein tcte1
Smp_124230 RAD51 rad51
Smp_142040 Myb DNA binding domain containing protein myb
Smp_129710 Uveal autoantigen with coiled coil domains uac
Smp_178740 lin-54 lin54
Smp_037590 dna replication licensing factor mcm3 mcm3
Smp_078920 condensin complex subunit 3 ccs3
Smp_167540 dna replication factor cdt1 cdt1
Smp_042530 WD repeat containing protein 66 WD66
Smp_167940 wee1 protein kinase 2 wee1
Smp_141700 hypothetical protein N/A
Smp_144720 hypothetical protein N/A
Smp_158930 hypothetical protein N/A
Smp_161820 hypothetical protein N/A
Gene knockdowns resulting in small testis lobes
Gene ID Gene annotation Abbreviation
Smp_158370 tubulin monoglycylase TTLL3 ttll3
Smp_032490 tropomyosin tmy
Smp_022870 lin54/tesmin tmn
Smp_130810 dynein heavy chain dyn
Smp_162250 protein fantom fan
Smp_141710 kinetochore associated protein 1 kin1
Smp_151750 meiotic recombination protein rec8 rec8
Smp_170700 WD repeat containing protein 52 WD52
Table 4.5. Genes functioning in schistosome male gametogenesis. 
Gene IDs, annotation, abbreviations used for genes which function 
in different stages of schistosome male gametogenesis.
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Smp_003790 hypothetical protein N/A
Smp_122820 hypothetical protein N/A
Smp_167960 hypothetical protein N/A
Smp_169830 hypothetical protein N/A
Smp_180190 hypothetical protein N/A
Smp_187030 hypothetical protein N/A
Genes necessary for meiotic progression
Gene ID Gene annotation Abbreviation
Smp_144860 boule bol1
Smp_155840 cellular myosin myo
Smp_151950 zinc finger protein zfp1
Smp_153520 ect2 ect2
Smp_152490 cyclin-B1-interacting protein 1 cbip
Smp_132220 GPCR fragment GPCR1
Smp_061210 hypothetical protein N/A
Smp_125850 hypothetical protein N/A
Smp_171690 hypothetical protein N/A
Genes necessary for proper spermiogenesis
Gene ID Gene annotation Abbreviation
Smp_180020 centromere protein j cenpj
Smp_170010 radial spoke 3 rds3
Smp_157470 tetratricopeptide repeat protein 23 trp23
Smp_172210 leucine rich repeat and coiled coil lrr1
Smp_200520 hypothetical protein N/A
Smp_168010 hypothetical protein N/A
Smp_205320 hypothetical protein N/A
Smp_143590 hypothetical protein N/A
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RNAi of Testes
Number of 
animals Ovaries
Number of 
animals Vitellaraia
Number of 
animals
- - Control + 13/13 + 8/8 + 8/8
Smp_055740 nanos-1 nos1 - 8/8 - 6/6 - 6/6
Smp_178740 protein lin 54 lin54 - 10/12 - 2/11 - 2/11
Smp_161820 hypothetical protein Smp_161820 - 8/9 - 3/7 - 4/7
Smp_158930 hypothetical protein Smp_158930 - 9/9 - 8/8 - 8/8
Smp_167940 wee1 protein kinase 2 wee1-2 - 8/8 - 4/8 - 4/8
Smp_160500 t complex associated testis expressed protein tcte1 - 8/10 - 6/7 - 5/7
Smp_141700 hypothetical protein Smp_141700 - 10/10 - 9/12 - 8/12
Smp_042530 WD repeat containing protein 66 WD66 - 6/10 - 4/11 - 5/11
Smp_167540 dna replication factor cdt1 cdt1 - 9/9 - 5/11 - 5/11
Smp_078920 condensin complex subunit 3 ccs3 - 10/10 - 9/9 - 9/9
Smp_037590 dna replication licensing factor mcm3 mcm3 - 10/10 - 6/10 - 6/10
Smp_124230 RAD51 rad51 - 7/7 - 7/12 - 6/12
Smp_144720 hypothetical protein Smp_144720 - 6/6 - 6/6 - 6/6
Smp_142040 Myb DNA binding domain containing protein myb - 7/12 - 3/12 - 6/12
Smp_129710 Uveal autoantigen with coiled coil domains uac - 10/10 - 7/8 - 4/8
Schistosome 
gene ID Annotation
nanos-1  expression in:
Cells highlighted in green were used for transplantation experiments. 
Table 4.6. Number of animals showing absence or reduction of nos1 expression (as detected by whole mount ISH) in male and 
female schistosomes following RNAi of genes functioning in male and female reproductive development (NGC genes).
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Table 4.7. Transplantation raw data.
Mouse ID Number in syringe Number injected
Number of 
granuloma
Number of 
males retrieved
Percentage of 
males retrieved
Number of 
females retrieved
Control (RNAi)-1 3 pairs+3 unsure* All 451 6 100 2
Control (RNAi)-2 3 pairs+3 unsure* All 647 5 83 4
Control (RNAi)-3 3 pairs+3 unsure* 3 pairs+1 unsure* 452 4 100 3
Control (RNAi)-4 4 pairs+2 unsure* All 119 5 83 1
Control (RNAi)-5 5 pairs+2 unsure* All 292 7 100 3
Control (RNAi)-6 4 pairs+3 unsure*+1 female 4 pairs+3 unsure* 422 7 100 6
nos1(RNAi)-1 3 pairs+3 unsure* 3 pairs+2 unsure* 29 5 100 4
nos1(RNAi)-2 5 pairs+2 unsure* All 56 7 100 5
nos1(RNAi)-3 3 pairs+3 unsure All 231 5 83 4
nos1(RNAi)-4 5 pairs+2 unsure* All 52 7 100 4
nos1(RNAi)-5 5 pairs+2 unsure* 3 pairs+2 unsure* 60 5 100 2
nos1(RNAi)-6 5 pairs+2 unsure* 4 pairs+1 unsure* 113 4 80 4
nos1(RNAi)-7 5 pairs+2 unsure* 4 pairs+2 unsure* 28 6 100 1
uac(RNAi)-1 3 pairs+3 unsure* All 21 5 83 2
uac(RNAi)-1 3 pairs+3 unsure* All 4 4 67 2
uac(RNAi)-2 5 pairs+2 unsure*+1 female All 17 5 71 1
uac(RNAi)-3 5 pairs+2 unsure*+1 female 4 pairs+2 unsure*+1 female 4 5 71 1
uac(RNAi)-4 5 pairs+1 unsure* All 18 4 67 3
uac(RNAi)-5 3 pairs+3 unsure* 3 pairs+1 unsure* 8 4 100 2
Smp_158930 (RNAi)-1 3 pairs+3 unsure* All 25 4 67 2
Smp_158930 (RNAi)-2 3 pairs+4 unsure* All 31 7 100 3
Smp_158930 (RNAi)-3 5 pairs+2 unsure* All 53 4 57 4
Smp_158930 (RNAi)-4 5 pairs+2 unsure*+1 female All 21 4 57 4
Smp_158930 (RNAi)-5 5 pairs+2 unsure*+1 female All 11 5 71 5
Smp_158930 (RNAi)-6 5 pairs+2 unsure*+1 female All 17 5 71 5
Smp_158930 (RNAi)-7 5 pairs+2 unsure*+1 female All 12 4 57 3
* Unsure indicates that presence of male worm is certain, but female worm is uncertain. In paired animals, female S. mansoni  are located in a grove called the
gynecophoral canal of the male worm and cannot always be detected.
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CHAPTER 5: CONCLUSION AND FUTURE 
PERSPECTIVES 
The overarching goal of my thesis was to develop a better understanding of germ cell 
maintenance and differentiation in free-living and parasitic flatworms. In order to achieve 
this goal, we first used the freshwater planarian Schmidtea mediterranea as a model 
system to probe the functions of genes necessary for these germ cell processes. We next 
identified genes functioning in male and female reproductive systems of the free-living 
planarian’s parasitic evolutionary cousin, Schistosoma mansoni. In addition to 
uncovering novel roles for genes necessary for germ cell maintenance in planarians and 
schistosomes, our work also opens the field of germ cell developmental biology to other 
fascinating questions and future perspectives that are summarized below. 
5.1. NF-YB is a stem cell self-renewal factor in the male germline 
First identified in the late 1980s, the Nuclear Factor-Y family of transcription factors has 
been a topic of extensive research in many cellular and developmental processes (1,2). 
From the perspective of the work presented here, the most relevant function of the NF-Y 
complex is its role in various stem cell systems. A stem cell must be able to achieve the 
fine balance between self-renewal and differentiation in order to survive. The NF-Y 
complex has been shown to play a key role in self-renewal of hematopoietic stem cells 
(3-5), embryonic stem cells (6,7), and skeletal myoblasts (8). However, a role for NF-Y 
in germ cell maintenance had not been explored until a recent study by our group which 
showed that NF-YB is necessary for testis maintenance in Schmidtea mediterranea (9). 
Here we demonstrated that NF-YB is necessary for the self-renewal and proliferation of 
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SSCs in S. mediterranea, and also plays a similar role in male germ cell proliferation in 
the parasitic flatworm Schistosoma mansoni.  
Our study also raises several questions. Do components of the NF-Y complex play a role 
in SSC self-renewal and proliferation in other systems? It has been shown that in mice, 
other transcription factors such as Plzf and TAF4b, play similar roles in SSC self-renewal 
(10-12). If NF-YB is required for SSC self-renewal in mice, given the apparently similar 
functions of NF-YB, Plzf, and TAF4b in SSC maintenance, how do these proteins 
coordinate with one another to achieve the same outcome? Do the targets of these 
individual transcription factors overlap? Do these three transcription factors 
predominantly repress somatic fate in germ cells or are they primarily activators of 
transcription in SSCs? 
It was recently shown that the NF-Y complex, in addition to performing stem cell 
housekeeping functions, also defines the identity of embryonic stem cells through 
positive regulation of other pluripotency and self-renewal transcription factors (7). 
Another future direction with respect to NF-YB-mediated maintenance of SSCs in 
planarians is to determine whether this protein also dictates the identity of SSCs similarly 
through the regulation of key self-renewal factors. Identification of NF-YB targets in 
SSCs using methods such as RNA-Seq or ChIP-Seq could also open the field to address 
other questions. For example, it has been demonstrated that NF-YB is necessary for the 
maintenance of presumptive germ cells in the asexual strain of S. mediterranea (9). 
Identification of NF-YB targets would be useful in determining whether this protein 
regulates the same genes in the asexual presumptive germ cell population and the sexual 
SSC population and how the transcriptional networks of these cells differ, from the 
perspective of NF-YB. Further along these lines, planarians have two paralogs of NF-YB: 
NF-YB and NF-YB2. NF-YB2(RNAi) results in lethality, presumably due to a defect in 
the planarian somatic stem cell population. It will also be interesting to determine if these 
two planarian paralogs share similar targets.  
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5.2. Premeiotic function for an invertebrate boule homolog 
Our identification of the planarian boule homologs resulted from a planarian RNAi 
screen of genes with conserved germ cell functions across metazoans with special focus 
on genes necessary for SSC maintenance. boule belongs to the Deleted in Azoospermia 
(DAZ) family of RNA-binding proteins that activate or repress the translation of target 
mRNA molecules. The complete loss of male germ cells following boule2(RNAi) was 
surprising because it was fairly well-established that Boule was necessary for meiotic or 
post-meiotic maintenance of germ cells in other organisms (13-15). It was also widely 
accepted that duplication and functional divergence of boule in an early vertebrate 
ancestor resulted in the gene Dazl, which plays a premeiotic role in vertebrates only (16). 
We were therefore surprised to find that the boule2(RNAi) phenotype was in many ways 
reminiscent of the phenotype seen in Dazl null mice: germ cells were specified, but these 
early germ cells underwent apoptosis over time (17). This novel premeiotic function for 
boule in an invertebrate system combined with the apparently similar roles of vertebrate 
Dazl and planarian Boule2 led us to explore the evolution of boule and Dazl. 
We collected boule sequences from as many different phyla as possible, with special 
emphasis on organisms with multiple annotated boule homologs. Phylogenetic analysis 
clearly indicated that planarian Boule2 and vertebrate Dazl evolved their premeiotic 
functions independently. This independent evolution of premeiotic functions by members 
of the same gene family leads to many questions and future directions. For instance, does 
planarian Boule2 play a role similar to Dazl in germ cell licensing (18), and does 
planarian boule2(RNAi) result in loss of characteristic germ cell markers in SSCs, similar 
to Dazl knockout in mice, prior to apoptosis (19)? There is a high degree of molecular 
conservation between boule and Dazl across metazoan phyla, and several groups have 
performed rescue experiments using a functional copy of boule or Dazl from one 
organism to replace a mutated copy of either gene (15,20-22). One possible way of 
demonstrating functional conservation between planarian Boule2 and vertebrate Dazl can 
be achieved by replacing the endogenous mouse Dazl gene with planarian boule2 and 
determining the extent of rescue. Also, in light of our observation that planarian boule1 
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and boule2 transcripts are expressed in all the germ cells of the testis except mature 
spermatozoa, another question would be to ask, if Boule1 and Boule2 proteins are 
expressed in a manner similar to their mRNA, how do these proteins distinguish their 
mRNA targets and to what extent do the targets overlap between these two paralogs?  
It was thought that boule was a single-copy gene in invertebrates, until it was shown that  
the Lophotrochozoan Macrostomum lignano has three copies of boule (15). An intriguing 
heretofore unappreciated observation we made while performing our phylogenetic 
analysis was that several Lophotrochozoan members have multiple copies of boule. Even 
more intriguingly, different species within the same genus have variable numbers of 
boule genes, e.g., Hymenolepis and Echinococcus. Additional characterization of boule 
genes in these other organisms with multiple boule paralogs will help us understand the 
entire range of functions of this gene, including how or why organisms have variable 
numbers of boule, and how the absence of a boule homolog is functionally compensated. 
In addition to phylogenetic analyses, we identified and characterized planarian homologs 
of vertebrate Dazl mRNA targets and associated proteins. Knockdown of putative 
planarian targets of Boule2 phenocopied boule2(RNAi), and the functions of some of 
these genes in spermatogenesis were previously unknown, such as the gene SDAD1(23). 
One of our more intriguing observations was identification of proteins that had not been 
described in model organisms containing only a single meiotic copy of the boule gene. 
How the genes encoding these associated proteins were lost or gained during the course 
of evolution could be another topic of future research.  
Our identification of premeiotic function for boule2, in combination with phylogenetic 
analyses, changes the current perspective on functions and evolution of boule. Together, 
our study shows that the planarian can be a tractable invertebrate model organism to 
study premeiotic functions of the DAZ family.  
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5.3. Germ cells as a source of pathogenesis 
The role of germ cells in heredity and reproduction is fairly well known. However, it is 
less appreciated that germ cells can also be the source of pathogenesis in some diseases. 
In schistosomiasis, a devastating neglected tropical disease caused by members of the 
genus Schistosoma, the male and female parasites pair, and lay hundreds to thousands of 
eggs each day in host vasculature. These eggs get deposited in host organs and trigger 
acute inflammation, resulting in the formation of granulomas, which are the primary 
cause behind the clinical manifestations of the disease. The tremendous reproductive 
output of Schistosoma, combined with the crucial role eggs play in pathogenesis suggest 
that the schistosome reproductive system could be a target for possible therapeutic or 
prophylactic intervention (24-32). 
We used an RNA sequencing approach to generate a male germ cell transcriptome of S. 
mansoni. Our goal in this project was twofold: 1) To achieve a greater understanding of 
the schistosome reproductive system, especially schistosome male gametogenesis; 2) To 
compare the male reproductive systems of S. mediterranea and S. mansoni to determine 
the extent of molecular and functional conservation between these two flatworms. We 
chose to study the male germline because male S. mansoni are experimentally more 
tractable than the female parasites and we had a wealth of knowledge obtained from the 
study of planarian male reproductive system. We were successful in achieving both our 
objectives. First, we identified genes functioning in distinct stages of schistosome male 
germ cell development. Second, we identified a number of genes that play a conserved 
role in planarian and schistosome spermatogenesis. Intriguingly, during the course of 
performing expression validation of male germ cell-enriched transcripts, we observed 
that a majority of these genes were also expressed in the female reproductive system. We 
found, using RNAi, that some of these genes indeed functioned in the S. mansoni female 
reproductive system. We followed up on this observation to demonstrate that three genes, 
nanos1, uac, and Smp_158930, were necessary for normal egg production and granuloma 
formation in the definitive mammalian host.  
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For our in vivo granuloma formation assay, we chose those genes whose knockdown 
resulted in the most severe and consistent germ cell defects in testis, ovary, and vitellaria. 
Identification and characterization of genes that function specifically in testis, or ovary, 
or vitellaria could lead to insights into granuloma formation. For instance, in the absence 
of vitellaria, eggs might be produced and laid, but may not elicit an immune response by 
the host. Another set of genes that we did not follow up on are the somatic stem cell-
enriched genes which overlapped with our male germ cell transcriptome. 
Spermatogenesis is not necessary for survival of the male parasite, or for the development 
of the female parasite. However, it is well known that male S. mansoni provide both 
transport and musculature for the female parasites; association with a male partner is 
essential for the growth and reproductive maturation of the female parasite. The somatic 
stem cell-enriched genes could affect the viability or fitness of the male parasite, which 
indirectly affects the female reproductive status and output, or directly affect the viability 
of female parasites, and would therefore be an interesting gene set to explore.  
Although several male and female transcriptomes of S. mansoni have been generated by 
various groups (33-37), a large-scale unbiased expression and functional validation of 
genes has not been performed to date. The techniques (ISH, RNAi, transplantation 
experiments) and markers (gH4 and nanos-1) used in this work can be used to probe the 
functions of additional candidate germ cell-associated factors generated by these other 
studies. In addition to opening the field for more functional studies, our findings may 
have important implications for therapeutic and prophylactic measures against 
schistosomiasis, and even transgenic approaches by identifying gene drivers exclusive to 
germ cells. 
Finally, our comparative approach between schistosomes and planarians not only 
revealed molecular conservation between these two flatworms, but also identified many 
novel genes functioning in planarian male gametogenesis. The most ideal – and natural – 
condition for growing schistosomes is in the definitive host (38). In vitro-cultured female 
parasites stop laying eggs within a few days and transplantation assays are not amenable 
to high-throughput format. The experimental tractability of free-living planarians is an 
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attractive alternative that could be harnessed to understand schistosome gametogenesis, 
especially female reproductive biology.  
5.4. Conclusion 
In this study, we utilized the experimental tractability of the planarian male reproductive 
system and the molecular tools available to study planarian male germ cells to gain a 
deeper understanding of the processes of self-renewal, proliferation, and differentiation of 
germ cells. Furthermore, we identify a number of genes necessary for schistosome male 
germ cell maintenance and differentiation as well as reveal candidate genes that can be 
targeted for anti-schistosomiasis drug discovery. Collectively our study reveals that using 
planarians to understand germ cell processes can lead to novel insights into gene function 
as well as a broader understanding of germ cell processes across metazoans. 
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